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Abstract

The rapidly depleting available energy resources have led to an increased research focus on the
development of alternative energy sources. In this aspect, research on the development of
efficient thermoelectric (TE) materials and integrating them into devices has taken a lead role
in recent years worldwide. Thermoelectricity is a phenomenon of conversion of thermal energy
into electrical energy and vice versa. The conversion efficiency of a TE material is dependent
on a dimensionless parameter known as the figure of merit zT, which is directly related to the
product of electrical conductivity (¢) and the square of the Seebeck coefficient (S) whereas

inversely related to the thermal conductivity (x).

This research contains two studies. In the first studies, we explore in-situ lamellar composites
of (CuzTe) 62.02-(Sh2Tes)s7.98 produced by directional solidification using a modified Bridgman
apparatus and its effect on the thermoelectric properties. The eutectic microstructure under
higher growth rates exhibits a cellular microstructure due to growth instability (and hence
segregation at cell boundaries) with cell spacing varying with growth rates. Further, a
quantitative evaluation of the scale of the microstructure in terms of interlamellar spacings
allows us to evaluate the role of the microstructure in tuning the thermoelectric properties as a
function of temperature. An additional significant observation of the present work is a
relatively mild variation of the power factor across a range of temperatures (300 K to 600 K)

in this eutectic system along the transverse direction.

In the second study, we report the microstructure and thermoelectric Properties Of
(Cu2Te)x(Sh2Tes)100-x pseudobinary system synthesized by brine quenching method and
compare the microstructure and transport properties to the same composition synthesized by

solid-state synthesis.



Keywords: Thermoelectric, Directional solidification, eutectic, lamellar spacing, power factor,

brine quenching solidification, pseudo-binary system



Glossary

TEG — Thermoelectric generator

TE — Thermoelectrics

S— Seebeck Coefficients

o— Electrical Conductivity

T— Temperature

k —Thermal Conductivity

TEC — Thermoelectric cooler

V —Voltage

N — Number of couples

AT — Temperature gradient

Sp — Seebeck coefficient of p — type semiconductor
Sn — Seebeck coefficient of n — type semiconductor
n - Thermoelectric device efficiency

Th — Hot Temperature Tc — Cold Temperature
K1/ ke — Lattice / electron thermal conductivity
n — Number of carrier Kg — Boltzman Constant
h — Planks constant m* - carrier effective mass
M - mobility p — Electrical resistivity

my — band effective mass

L — Lorenz factor

PGEC — Phonon glass electron crystal

dna — Interplaner spacing

A —Wave Length
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CHAPTER ONE

1. Introduction and Literature Review

Humanity's desire for energy is to give rise to significant growth of social and political stability.
Likewise, the global climate's environmental impact due to the combustion of fossil fuels is
becoming increasingly terrifying. One method to improve the long-lasting electricity desire is
through searching for waste heat with thermoelectric generators. Home utensils used for
heating and cooking, self- propelling exhaust, and industrial processes all generate a significant
quantity of unused waste heat that could be converted to electricity by using thermoelectric

materials.

The rising concern with the debilitation of energy resources essential to contemporary life, such
as natural gas, oil, and coal, gives the growth of new technologies based on the use of alternate
natural resources: wind energy, solar bioenergy, hydroelectric energy geothermal energy, etc.
Regarding the thermal energy, it inhabited a special position in human activities, since it
accompanies the majority of industrial processes and processes occurring in Nature. In most
cases, the waste heat is lost without any economic profit. This energy resource does not cost
anything and can be used to reduce both the impact of the energy crisis and global warming.
Therefore, the interconversion of waste heat into electricity could play a significant role in a
global sustainable energy solution. The conversion of heat into electricity is known as the
thermoelectric generator (TEG) [1]. The materials which convert heat flow into electrical
current and vice versa are known as thermoelectric materials [2-4]. These materials can be used
either in power generation or refrigeration, respectively [5].

Thermoelectric (TE) modules can couple heat and electric current. This approach offers a
possible power generation route from different sources of waste heat, such as car exhaust and
industrial plants. Compared to competing technologies, such as traditional heat engines, a

thermoelectric device that contains no moving part or fluids are noise and emission-free. They

1
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can be of small size and operate at low powers (mile- or microwatts) as an energy source for
remote sensors. TE modules are also used for many cooling applications [6]. Historically, in
1821, the German scientist Thomas Johann Seebeck noticed an interesting experimental result
that a compass needle was rebounded by a nearby closed-cycle jointed by two different metals,
with a temperature difference between junctions. This phenomenon is called the Seebeck effect,
where an applied temperature difference drives charge carriers in the material (electrons and/or
holes) to diffuse from hot side to cold side, resulting in current flow through the circuit [7].

Thermoelectric materials have long been incompetent to be cost-effective in most applications.
However, a revival of interest in thermoelectric materials began during the mid20 centuries;
the thermoelectric field gained attention from the worldwide scientific research community
when theoretical predictions suggested that thermoelectric efficiency could be significantly
enhanced through nanostructural engineering, which leads to experimental efforts [8, 9]. At the
same time, complex bulk materials (such as skutterudites [10], Oxides [11], Chalcogenides,
clathrates [12], Zintl phases [13] and half-huesuler [14]) have been investigated and found that
high efficiencies could indeed be obtained. The efficiency of both power generation and
refrigeration is determined in general by a measure of material’s dimensionless figure of merit,

zT define as

S?oT

K

2T (1.1)

S, o, T, and « are the Seebeck coefficient, electrical conductivity, absolute temperature, and

thermal conductivity.

1.1. Thermoelectric devices efficiency
The schematic figure of a thermoelectric cooler (TEC) is given in Fig. 1a. As of this figure,
several preferred material properties become easy to understand. This cooler, also is known as
"Peltier cooler,” contains two electrodes, one of which is p-type, which has positive charges
(holes), and the other leg is n-type and contains mobile electrons. These two electrically

2
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conducting legs are connected by a metal (black bar) at the top to make a junction. These two
electrodes are connected thermally in parallel and electrically in series. When the current is
passed through the electrodes along the direction shown in the figure, both the holes and
electrons flow from the top toward the bottom of the device and carry heat from the junction at
the top of the device toward the base, cooling the junction at the top [15, 16]. A thermoelectric
generator (TEG) is the reverse of a Peltier cooler. A thermoelectric generator (TEG), as showed
in Fig. 1.1b.It generates electricity in the presence of an externally generated temperature
gradient. In this instance, both carriers conduct heat from the heated junction at the top to the
cooled side at the bottom, and a voltage drop is generated between the electrodes at the bottom

of the heat sink [16].

Besides cooling the top junction, when current is passed, it results in Ohmic heating in each
electrode. Ohmic heating is the process where the energy of electric current is converted into
heat. So, materials with low resistivity are required. Moreover, to stop the hold-up of the flow
of heat from hot to cold, after reaching thermal equilibrium, low thermal conductivity is
necessary. The significant parameter is the Seebeck coefficient, which measures the voltage
generated across the material due to a temperature difference [15]. The large Seebeck

coefficient is desired to maximize the voltage output for a given temperature drop.
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Heat Source (T+AT)

Heat Sink (T)
+ AV ~-*

(B)

Fig. 1.1. A schematic diagram of the thermoelectric cooler (A) and generator (B) [8]

The voltage ( V) generated by a thermoelectric generator (TEG) is directly proportional to the number
of couples ( N) and the temperature gradient (AT) between the heat sources and heat sink sides of the

and the Seebeck coefficients of the p-type and n-type materials (Sp and Sn, respectively):
V=N (Sp - Sn) AT (1.2)

Thermoelectric device efficiency from a TEG is given by:

Th-Tc J(1+2zT)-1
= "h Vizerre/th (1.3)
1.2. Thermoelectric material properties, physics, and principle

Essential to the field of thermoelectric materials is the need to enhance a variety of properties.
There are two obvious ways to increase ZT: either boost the power factor (S%c); a high Seebeck
coefficient (thermopower), high electrical conductivity, or lower the thermal conductivity (k =
Kkl + ke; thermal conductivity is the sum of lattice thermal conductivity and electrical thermal
conductivity), especially the lattice thermal conductivity is required. Currently, the high TE
performance of the present composites is mainly due to the extremely low lattice thermal
conductivity resulting from phonon scattering [17]. As often, these are typically contra-
indicating properties; that is, efforts to increase one result in the compromise of the other [18].
As these transport characteristics are determined by interconnected material properties,

numerous parameters need to be enhanced to maximize zT.

4
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1.2.1. Carrier concentration

The total number of carriers (n) involved in the conduction mechanism is one of the significant
parameters in the property optimization method. Only one kind of carrier, either n or p-type, is
present in the transition process, leading to a larger Seebeck coefficient. If mixed n-type and p-
type conduction is present in the same system, it will cancel out the induced

Seebeck voltages by individual carriers and reduce the resultant Seebeck coefficient [19]. One
of the primary advantages that semiconductors offer is the ability to change the electrical
conductivity via doping. Based on the electron transport model of Mott-Boltzmann formalism
with energy independent carrier scattering, Low carrier concentration insulators, and
semiconductors have large Seebeck coefficients [20]. However, to the extent that the electrical
conductivity is concerned, it is directly proportional to carrier concentration and is decreased
for low carrier concentration, as described in Eq. (2): The interdependency between the
Seebeck coefficient and carrier concentration can be seen from quite simple models of electron

transport. For metals or degenerate semiconductors, the Seebeck coefficient is given by:

__ 8xm?k?*B T\2/3
© 3enz M*T (Sn) (14)
%= o=neu (1.5)

Where m* is the carrier's effective mass, n is the carrier concentration, p is the carrier mobility,
p is the electrical resistivity, o is the electrical conductivity, Ks Boltz man constant and h planks
constant.

Generally, optimizing Seebeck coefficient and electrical conductivity, according to Eqgs (1.4)
and (1.5), have been found in heavily doped semiconductors, in which the carrier concentration
ranges between 10'° and 10?* carriers per cm® which, have a positive effect on the Seebeck

coefficients. In the comprehensive form, in thermoelectric materials, the relationship between
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the Seebeck coefficient, thermal conductivity, and electrical conductivity with carrier

concentration, for maximum Figure of merit (zT), can be represented as in Fig. 1.2 as follow:

zT

0
1078 1019 1020 1021

Carrier concentration (cm—3)
Fig. 1.2. Optimizing ZT through carrier concentration tuning [13]

1.2.2. Effective mass

Finding a way to tune a figure of merit (zT) using S, ¢ and Ke separately has been a big
challenge since they are strongly interdependent through band structure, scattering, and carrier
concentration [21]. However, for the optimal electronic performance of a thermoelectricity
semiconductor depends mainly on non-degenerate mobility of carrier. The discussion of the
carrier mobility (electrons or holes) in semiconductors is usually based on the use of the concept
of effective mass [22]. The density-of-state effective mass (m*g) is related to the band effective
mass (mp) by the relation of m*4=N?3my. Also, in the case when carriers are mainly scattered
by acoustic phonons, the carrier mobility depends on the band's effective mass and the inertial
effective mass according to the relation of m*=m,"! m, *2. Getting a high Seebeck coefficient

by producing large density-of-states effective mass through either electronic structure
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modification or controlling nanostructures is commonly considered as a way to advanced
thermoelectric materials.

Stability must be found for the effective mass (or bandwidth) for the principal charge carrier,
forming cooperation between high mobility and high effective mass. Low effective mass and
high mobility are classically found in materials made from elements with a small
electronegativity difference; however high low mobility and effective mass are found in

materials with narrow ban gap such as ionic compounds.

1.2.3. Thermal conductivity

A significant quantity in the denominator of Egs. (1.1), the figure of merit (zT) is thermal
conductivity. Therefore, to attain a high value of zT, a lower value of thermal conductivity is
required, along with increased electrical conductivity and Seebeck coefficient values. Good
thermoelectric materials require a low thermal conductivity to prevent a significant portion of
the heat from flowing down the temperature gradient [23]. On the other hand, the reduction in
thermal conductivity is pretty complex in the logic that it must occur without any contrary
effect on the electronics properties, for instance, the electrical conductivity and Seebeck
coefficient [19].

Thermal conductivity in thermoelectric materials arises from two sources: (1) electrons and holes
transporting heat, electronic thermal conductivity (xe), and (2) phonons travelling through the
lattice; lattice thermal conductivity (x).

1.2.3.1. Electronic thermal conductivity
Electronic thermal conductivity («e) signifies the contribution of charge carriers, for instance,
holes and electrons, to transporting heat. A low thermal conductivity is a vital criterion that
needs to be considered for material selection for improved zT. The electronic components of
the thermal conductivity cannot be changed much as it is associated with the Lorenz factor
defined in Eqg. (1.5) which differs mainly with the transport mechanism and the carrier

concentration except in low carrier concentration materials wherein, the Lorenz factor can be
7
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decreased up to 20% from the free-electron value. Another prospect of a reduction in electronic
concentration thermal conductivity is a bipolar effect. Irrespective of reduced electronic
contribution to the total thermal conductivity, the Seebeck coefficient values are decreased
significantly by mixed conduction. Most of the electronic term (ke) is directly related to the

electrical conductivity through the Wiedemann Franz law and given by the formula:

kr = ke + ki (1.6)

ke= oLT = neuLT (1.7)

Where L is the Lorenz factor, 2.4 x 108 J2 K2 C. For free electrons, high zT requires low
thermal conductivity but high electrical conductivity, the Wiedemann Franz low make known
an intrinsic materials conflict for attaining high thermoelectric device efficiency. For materials
with high electrical conductivity or very low lattice thermal conductivity like metals, the

Seebeck coefficient alone mainly decides zT, as can be seen in equation (4), where (xl/xe) <<1.

1.2.3.2. Lattice thermal conductivity

If it were not for their low charge-carrier mobility and accompanying poor electrical
conductivities, one might look to non-metallic amorphous solids (glasses) as candidate
thermoelectric materials: they possess some of the lowest thermal conductivities of all fully
dense solids [24]. Glasses have poor thermoelectric properties because they lack the required
‘electron-crystal” properties compared with crystalline semiconductors, they have lower
mobility due to lower effective masses and increased electron scattering because of broader
bands. Therefore, good thermoelectric material is crystalline in materials and manages to
scatter phonons without significantly disturbing the electrical conductivity. Thermoelectric
materials, therefore, require a “glass-like” thermal conductivity values called a ‘phonon-glass
electron-crystal” (PGEC) which, was first introduced by Slack [25]. The electron-crystal
requirement arises from the circumstance that crystalline semiconductor has been the best at

8
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fulfilling the requirement for the electronic properties (electrical conductivity and Seebeck
coefficient). The phonon glass necessity arises from the need for a low lattice thermal
conductivity as much as possible.

One common feature of thermoelectric materials with zT >1 is that these thermoelectric
materials have lower lattice thermal conductivities than the current commercially available
thermoelectric materials. Therefore the general achievement is that they maintain the ‘electron
crystal’ by getting closer to 'phonon glasses.” While this decreased lattice thermal conductivity
is attained through phonon scattering across various length-scales, a reduced lattice thermal
conductivity directly improves the thermoelectric efficiency, zT.

There are three main approaches to reduce lattice thermal conductivity that has been effectively
used. The first approach is to scatter phonons inside the unit cell by generating fast-moving
structures or point defects such as vacancies or interstitials by alloying [26]. The second
approach is to use complex structures to distinct the electron crystal from the phonon glass. At
this time, the aim is to attain a phonon glass without disturbing the crystallinity of the electron
transport region [25, 27]. A third approach is to scatter phonon at the interface, leading to the
use of multiphase composites mixed on the nanometre scale. These physical phenomena affect
not only the phonon scattering but, similarly, the band structure of the material modifying the
Power Factor [28].

1.2.4. Power factor enhancement
The rapid advancement in thermoelectric properties enhancement is focused on the efforts of

the development of experimental methods and understanding phonon transport to reduce lattice
thermal conductivity. This fact leads to the disregard of concepts to enhance electronic
transport, and thermoelectric power factor. With a thermal conductivity of the potential
thermoelectric material approaching the minimum theoretical limit, on the advance to higher
ZT values, it is essential to consider the improvement of thermoelectric power factor [29]. The

application of small potential barriers that could enhance the power factor was first suggested
9
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by Rowe and Min [103] as well as Whitlow and Hirano [104]. Shakouri and Bowers first
proposed inserting tall barrier layers into degenerate semiconductor superlattices for selective

emission of hot electrons and thus a higher PF.

Furthermore, Vashaee and Shakouri pointed out that the lateral momentum must be relaxed to
allow a larger number of hot electron emissions for a higher PF in the direction perpendicular
to planar barriers [30]. The temperature requirement of the thermoelectric power factor
reported for different classes of high-performance n-type and p-type TE materials. It is
observed that the majority of high-performance thermoelectric materials possess power factor
values between 0.8 and 2.5 W m™ K™%, The largest PF values reported in n-type materials belong
to intermediate valance YbAIs. Multiple filled half-Heusler alloys, skutterudites, and SiGe

exhibit the largest reported values in p-type materials with PF value 0.8 W mK.

Different approaches have also been proposed to increase the power factor, such as energy
filtering [6], modulation doping [7], quantum confinement [8] and percolation effect [9]. Some
of them have been successfully utilized in experiments, e.g., the power factor of a twophase
nanocomposite sample (Si80Ge20)80(Si100P3)20 was improved by 40% compared to the
uniformly doped sample by using the modulation-doping approach [7]. In these all approaches,

interfaces usually play an important role in the power factor enhancement.

In the past few decades, intensive efforts have been devoted to improving ZT of TE materials,
in which interface engineering has been confirmed to be an effective strategy via decreasing k
and/or boosting PF. Hence, an effective thermoelectric material should have a high power

factor (PF = S%0) [31].

1.3. Thermoelectric Materials

Three different classes of medium-high to high-temperature thermoelectric materials, i.e.,

skutterudites [10], Oxides [11], Chalcogenides, clathrates [12], Zintl phases [13], Halfhuesuler
10
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[14] and high entropy [32-35] will be discussed below concerning their physical and

thermophysical properties as well as recent advances in materials design.

1.3.1. Skutterudites
Skutterudites are one class of materials that have received a lot of attention within the TE

community since the 1990s [36]. Among the most promising materials for a widespread
thermoelectric application in a waste heat gradient from room temperature to about 900 K are
filled skutterudites with the general structural-chemical formula EPyT4x12, where the filler
atom EP is usually an electropositive element species enclosed by an icosahedral cage structure
formed by tilted pnictogen octahedral (eight per formula unit, made from atoms X) each
cantered by a transition metal atom, T [37]. The ideal is that these filler atoms can clatter in
these voids, resulting in a lower lattice thermal conductivity by point defect scattering. The
most important features to use skutterudites as thermoelectric (TE) materials are: (i) the starting
material is abundant and cheap among other thermoelectric mas, (ii) they are of high TE quality
(ZT >1), (iii) they can be used in a wide Te, range (room temperature to 900 K, they reveal
long-term thermoelectric stability, and (v) they show reasonable mechanical performance.
Skutterudites are CoSb3 based minerals found in small mining in Norway called Skutterud.
They are cage-like materials with voids in their structure that can be filled with guest atoms
that can clatter in this void and scatter phonon via point defect scattering, thereby reducing
lattice contribution to thermal conductivity. They are also studied under the concept of phonon
glass electron crystal, i.e., materials with electrical conductivity like that of a single crystal and
a lattice thermal conductivity like that of a glass [38]. Cahill et al. enumerate the criteria for a
glass-like lattice thermal conductivity, which includes possession of loose atoms that have no
long-range correlation with one another and are an integral part of the compound rather than
the rattler/impurity atoms [39]. CoShs and all Skutterudites satisfy the requirement of Cahill et

al. for small lattice conductivity and possess reasonably mobile charge carriers.

11



Ceramics Engineering JU-JIT 2020

The general formula for basic Skutterudites is given ad M X3 where M can be Co, Rh or Ir, and
X can be P, As, and Sh. They can also be represented as [ G] 2MsX24 taking into account the
two voids (G) for every 8M atoms and 24 X atoms. Guest atoms are therefore introduced into
these voids to form filled Skutterudites. The ideal is that these guest atoms can rattle in these

voids, thereby leading to a lower lattice thermal conductivity by point defect scattering.

Shi et al. reported a ZT of 1.7 at 850 K by co-filling Ba, La, and Yb atom into the CoShs voids.
The observed ZT was attributed to a reduced lattice thermal conductivity through the
combination of filler species of different rattling frequencies in these voids to achieve a broad
frequency phonon scattering [40]. Filled antimonide compound with formula R1.yFesxCoxSbi2
with ZT great than 1 at elevated temperature (700-1000 K) was reportedly synthesized by Sales
et al., who claimed that the incoherent rattling of the weakly bonded rare-earth atoms in the
void of the skutterudite gave rise to the observed thermoelectric properties [41]. Similar work
by Tang et al. also showed a decrease in the thermal conductivity of filled skutterudite
CeyFexCo4xSh12 with increasing substitution of Fe at Co sites and increasing Ce filling fraction.
A maximum ZT of 0.8 was obtained for the composition Ceo.12Feo.71C03.29Sh1, at 750 K [42].
This value reported for multiply filled skutterudite is significantly higher than single element
filled and non-filled Skutterudites.

In most Skutterudites, the guest atom that is introduced into the voids also acts as dopants, and
the high effective mass allows their carrier concentration to be high without the Seebeck
coefficient becoming too small. The effect of double-doping on the pnicogen rings with Ge and
Te via melt spinning techniques resulted in a binary skutterudite CoSbz 75GeosxTex with a ZT
value of 1.1 at 750 K as reported by Su et al.[43]. Filled and unfilled skutterudite are
continually being researched for high-temperature applications because they can be tuned to

exhibit tremendously low lattice thermal conductivity.
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1.3.2. Oxides
Oxides are potential thermoelectric materials for high-temperature applications because they
are thermally stable, chemically inert, and generally non-toxic [44]. The layered cobalt oxides,
such as NaxCoO: (2) and CasCo0409 (CO-349) (3), were discovered in Japan to be good p-type
TE materials for approximately 20 years ago. Many of the oxide thermoelectric materials like
SrTiOs and NaCo204 possess layered superlattice structures resulting in a low thermal
conductivity perpendicular to the layers while maintaining good electrical conductivity within
the layers. The first investigation of oxides as potential thermoelectric materials was reported
by Terasaki et al. in single-crystal NaCo.O4 metallic transition-metal oxides consisting of a
two-dimensional triangular lattice of Co [45]. Yakabe et al. prepared NaCo0.04 by sintering
via hot and cold press technique. The figure of merit of the hot-pressed sample was 0.5x10° K-
1 over the temperature range of 100-400°C with a Seebeck coefficient ranging between 100 and
140 pVK™ [46]. The properties were further improved by Ba or Bi substitution for Na and Cu
or Bi substitution for Co, which resulted in 1.4 times enhancement in the power factor. This
earlier work gave understanding into the potential range of ability of oxides as prospective TE
materials. Oxides TE developed due to its promising performance and environmental
friendliness [47]. However, they usually have lower mobility and higher lattice thermal
conductivity than other thermoelectric materials, due to the high electronegativity of oxygen
and the strong bonding of light atoms. These properties give oxides a major drawback limiting

these materials to broaden their application.

1.3.3. Full-Heusler’s, Half-Heusler’s and Double Half- Heusler’s alloys

Both Heusler’s and half-Heusler’s phases have attracted a lot of research interest over the
past few decades because they are among the best known ternary intermetallic compounds
which are environmentally friendly, mechanically stable, and can withstand high temperature.

The half-Heusler phase consists of XYZ chemical composition where X is usually the most
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electropositive and it can be a transition metal, noble metal or a rare-earth metal, Y is a less
electropositive and it is either a transition metal or noble metal and Z is the most electronegative
and the main group element [48], XYZ forms a MgAgAs type structure with a space group F4
3m with a unit cell compressing three interpenetrating face-centred cubics

(FCC) sublattice occupying Wyckoff positions (0,0,0) for X, (1/4, 1/4, 1/4), for Y (3/4, 3/4,

3/4) positions for Z atom[49]. The remaining (1/2, 1/2, 1/2) positions are empty for half

huesuler.
/ /T /. Full-Heusler Q@ P G?
) Ky /1/ XYZ [L2] e L
e S B | i | | — K | !
” ; ) Bx OV ., )
[ 3 ey R R P
Gt o8 ex Oz ®------l-@ Gt
! ' H 1 e 44]
/. : L. E : Semi—Heusler @ Q\ @R
" E | Jncanen AU XYZ [C1y)] @;'.-L---g” ‘ (Q’.'.-L---@"’ !
l@""';’{}’ ’.//,/1 W Void O Y i .,Cj'}""i""é E .'C:a...-.é..‘.'é)
S - L ox Oz & -& o]
[ = 8 Q. an @
(a) (b)

Fig. 1.3: Heusler Alloys: Experimental and Theoretical Background [14]

The Heusler phase, on the other hand, is generally represented by X>YZ, forming a BisF type
structure with space group Fm3m in which the unit cell consists of four interpenetrating face-
centred Cubic’s (FCC) sublattices [50]. The semiconducting Heusler compounds can be
identified by the number of valence electrons [49] forming closed 18 or 28 valence-electron
shells, in addition to vacancy-compensated 19 valence-electron compounds [51]. The
semiconducting nature of these materials due to the formation of a pseudo-gap in the density
of states makes them promising for intermediate temperature thermoelectric materials. Cooks
et al. reported a Seebeck coefficient as high -200 to -400 pV/K at room temperature for the
compound MNiSn (M=Ti, Zr, and Hf) a semiconducting behaviour [52]. Uher et al. also

studied the transport properties in pure and doped intermetallic of the form MNiSi (M=Zr, Hf)
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half-Heusler alloys. They observed that the transport properties are sensitive to the constituent
atoms' structural arrangement, which can be manipulated by annealing, isostructural alloying,
and doping [53]. Kimura et al. also investigated the thermoelectric behaviour of half-Heusler
compounds MPtSn (M= Ti, Zr, and Hf) by using an optical floating zone melting technique for
the direct solidification of such compounds. Both ZrPtSn and HfPtSn showed p-type
thermoelectric properties with a thermopower around 70 uV/K and 250 uV/K respectively at
intermediate temperature range while TiPtSn exhibited an ntype behaviour with a very high
thermopower of -500 pV/K at room temperature. The electric resistivities in these compounds

were very high, leading to a high lattice contribution to thermal conductivity [54].

To reduce the fairly large thermal conductivity in this class of materials, the addition of
impurity atoms has been explored to eliminate the bipolar electronic conduction rather than a
decrease in the lattice contribution to thermal conductivity, as reported by Mutu et al. [55]. By
the combination of spark plasma sintering and arc-melting with substitution of Nb and Sn sites
in NbCoSn alloys, Ono et al. observed an improved power factor of 2.2 mWm™K™? for the
composition Nbo.ggTio01CoSnogeSho1 at 700 K. However; such substitution could not
significantly reduce the lattice contribution to thermal conductivity resulting in a ZT of 0.3 at

850 K [56].

Half-Heusler and Heusler alloys have interesting attributes in addition to those already
mentioned that makes them stand out as potential thermoelectric material. Such attributes
include the fact that they can be easy to synthesis using conventional arc melting procedures;
they are easy to cut due to very good mechanical sturdiness. Neither single crystals nor oriented
films are required to maximize these systems' thermoelectric properties because of their

isotropic structures.
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1.3.4. Chalcogenides

The metal chalcogenides, a sequence of materials composed of both chalcogen elements (S, Se,
and Te) and metal, have been attracting significant consideration in a variety of energy
applications, including solar cells, light-emitting diodes, sensors, batteries, supercapacitors,
thermoelectric devices, etc. [9]. Compared with oxides, metal chalcogenides based
thermoelectric materials possess a higher power factor (PF = S%c), because of arising from low
electronegativity, the less covalent nature of their bonds. Their heavy atomic weight compared
to some other thermoelectric materials is of advantage for reducing thermal conductivity. Also,
the chalcogenides are easy to form into different structures, which offer a good platform for
investigating and improving thermoelectric performance

It has been shown by many research reports, that metal-chalcogenides-based thermoelectric
materials possess excellent performance [57]. For example, a ZT of 2.6 was obtained at 923 K
for a single crystal of SnSe; [58] and Na doped full scale-structured PbTe synthesized under

high pressure exhibited a zT of 1.7 achieved at 750 K [59].

1.3.5. High entropy alloys
HEAs are defined as alloys constituted of at least 5 different elements in equimolar or close to

equimolar amounts [32]. Each principal element should have a concentration between5 to 35%.
Besides principal elements, HEAs can contain minor elements, each below 5%. These alloys
are named 'HEAS' because their liquid or random solid solution state have significantly higher
mixing entropies than those in conventional alloys. Thus, the effect of entropy is much more

noticeable in HEAs.

Binary/ternary phase diagrams mention that such multi-element alloys may develop several
kinds of phases and intermetallic compounds, resulting in complex and brittle microstructures
that are difficult to investigate and engineer, and probably have very limited practical value.

Differing to these, however, experimental results show the higher mixing entropy in HEAS
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enables the formation of a solid solution phase with simple structures, and thus reduce the
number of phases. A phase said to be simple if the structure is resulting from BCC, FCC, or
HCP structures. Such characters, made available by the higher entropy, are of principal

importance to the advance and application of these alloys.

High entropy alloys (HEAS) have been proposed as novel types of alloys with many interesting
structural and functional properties. HEAs also have other excellent properties, such as
excellent wear resistance, high-temperature performance, fracture toughness, corrosion and
irradiation resistance, high hardness, as well as very high resistivity, good soft magnetic

properties, which are the potential materials under extreme conditions [34].

As a rule, Kiaws reduction is a vital stage on the road to a high zT of a TE material. This most
of the time it needs the use of three key approaches: 1%, the scattering of phonons on the atomic
length through fast atoms, impurities, vacancies, substitutional, or interstitials atoms

(all connected to point defect in a material); 2", the theory of “phonon glass electron crystal”
(PGEC) should ideally be fulfilled, i.e., phonons are scattered by disorder in the crystal
structure, whereas electron moves freely as in an electron crystal; and 3, through interfaces,

for instance; mesoscale grain and phase boundaries.

In high entropy alloys, all of the phonon mentioned above, scattering approaches can, in
principle, be attained concurrently through the intrinsically complex nature of the materials. In
general, HEAs compromise a large amount of complexity through point defects, sever lattice
distortions, or the second phase's precipitation to scatter phonon effectively, whereas keeping
high mobility of the conduction electrons. As well as effective means for phonon scattering.
HEAs have mostly high symmetry crystal structure, for face centre cubic close packing (FCC)

or body-centred cubic close packing (BCC), or in some case hexagonal cubic close packing
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(HCP). Thus, they are also likely to achieve a high convergence of the bands close to the fermi

level to obtain high Seebeck coefficient values [35].

HEASs have a high degree of disorder in its atomic arrangement, resulting in the enhanced
scattering of phonon and effectively reducing its lattice thermal conductivity. Polycrystalline
high entropy PbSnTeSe alloys with a slight addition of La in place of Pb were prepared by
melting, followed by spark plasma sintering (SPS). The base PhSnTeSe HEA undergo very
low thermal conductivity at low temperature, for example, less than 0.6Wm™' K™ 'at 300 K. The
minor compositional change not only improved both the Seebeck coefficient and electrical
conductivity of the PbSnTeSe HEA at high temperatures but also improved it's bipolar thermal
conductivity to some degree, resulting in the improvement in the maximum zT value. When
PbSnTeSe HEA is doped with 1.5% La, its zT value was found to be about

0.8 at 873 K. The power factor PF is about 12.6x10* Wm—1 K2 in the temperature range of
823-873K for alloy 1.5 La and Seebeck coefficient of alloy 0.5 La is around 180 pV/K at 873

K [33].

The other HEAs within the AlxCoCrFeNi system (0 < x < 3) have been explored for TE
properties in the temperature range of 100-900 °C. They found that the addition of Al improves
the TE properties through an increase in the maximum absolute value of the Seebeck coefficient
(~1pV K?!forx=0to~23 puV K for x = 3), and a simultaneous decrease in the electrical
conductivity (from ~ 0.85 MS m™ for x = 0 to ~ 0.36 for x = 3). The thermal conductivity is
also decreased from ~ 15W m*K™ = 0 to ~12.5-13W m*K™ for x = 2.25 and 3, which is
indicative of the lower electrical contribution (ke), to the total thermal conductivity. This is
also showed in the ratio between the electrical and lattice thermal conductivity (Ke/Kiatt), which
decreases to unity for Al content (i.e., x = 2.5, 2.75, and 3). Furthermore, it is found that the
investigated compositions reach a ZT ~ 0.015 for x= 2.0 and 2.25 at T = 505 °C, which was the

upper limit for their thermal conductivity measurements [32].
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CHAPTER TWO

2. Statement of the Problem, Scope and experimental methods
2.1 Introduction

This chapter contains a detail of the problem; the scope, experimental procedures; an overview
of the methods, instrument, and techniques used for this work. The instruments include X-Ray
diffractometer, Scanning Electron Microscopy (SEM), Electron Probe Micro Analyzer
(EPMA), Seebeck and resistivity machine. The sample preparation techniques used for this
work are also described in this chapter. The sample preparation method mainly includes solid-
state synthesis, directional solidification, cutting sample in both transverse and longitudinal

direction, surface preparation, etc.

This work has been conducted using Cu, Sb, and Te as reagents. All are more than 99.9 at%
pure, elemental chunk, and granules. The pseudo-binary phase diagram, shown in figure 1.6,
was considered to select the compositions for this study. Accordingly, some compositions are
taken from the Cu-Sb-Te side of the phase diagram. These samples are aimed to conduct two
different experiments. The former focuses on the Effect of unidirectional solidification on the
microstructure and thermoelectric power factor of Cu.Te-Sh>Tes pseudo-binary alloys while
the latter focus on the effect of processing root change in the microstructure and thermoelectric

property. The detail of these experiments has been discussed in the next chapters.

2.2  Sample Preparation Techniques

2.2.1 Ingot Formation
The stoichiometric amount of metallic elements Cu, Sb, and Te were weighed and filled into a

one-sided closed quartz tube at one end and evacuated. Sealing the quartz tube ends was
performed after softening by applying the hot flame which is a mixture of burning acetylene
and oxygen. In a quartz tube, the mixture is sealed under very low pressure, about 107 atm.

Then the metallic elements were then induction melted. For Directionally Solidified samples,
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a modified-Bridgman type furnace was used to melt the samples at 900 K. And for Brine
Quenching, with the help of hand LPG (propane) flame, the alloy in quartz tube were remelted
repeatedly for better homogenization and rapidly quenching in a brine solution, and it has been
shacked repeatedly to ensure homogeneous distribution of the elements. The sealed tube was
kept in an upright position in both the melting process. Generally, two cooling processes are

included in this work. These are furnace cooling and rapid ice water quenching.

2.2.2 Surface Preparation
Microscopy needs surface preparation of the sample. The transverse and longitudinal direction

cross-sections were taken for directionally solidified alloys, and one side of the cross-section
was taken for this purpose. Once the ingot has been cut, each piece had been mounted by
mounting resin, for comfortable handling. The target surface is polished by different grid
polishing papers (sandpapers). 8 to 2-micron meter diamond past and Al.O3 was used for
polishing, as a second step. Thirdly silica suspension was used for polishing fine scratches.
After polishing, the silica suspension was cleaned from the surface of the sample by distilled
water in a sonication machine for 15-30 minutes and then dried by hot blowing air, using a hair
drier. Since the resin, we use for mounting is a polymer, it is non-conductor. So we cover that
area with carbon tape without covering our sample. Aluminium foil was used to avoid charging
the sample by the applied electron beam during characterization by electron microscopy. To
prevent contamination of the samples by dust, the samples had been kept in a roughly evacuated

desiccator.

2.2.3 Directional solidification
Directional solidification is the basic principle of controlled solidification of a melt, having the

greatest significance in metallurgical casting. The growth of single crystals by melting a charge
in a crucible and freezing the melt from one end (seed) to the other (tail) has been used for

many materials for a long time. However, the strong interaction of the growing crystal with <
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the crucible material limits the yield, and hence the industrial applicability is limited to only
certain cases. The method can be carried out by moving the growth interface in a horizontal or
a vertical direction. The crystal growth configuration consists typically of a tube furnace which
provides a temperature profile with negative gradients parallel to the growth direction (at least
in the vicinity of the growth interface but mainly in the major portion of the melt and crystal).
The single-crystal seed is positioned at one end of the boat or the lower end of the vertical
crucible (see Fig. 2). (Crystal Growth from the Melt)

The use of processes to control the solidification direction may cause micro and even in some

extreme cases macro-segregation on the obtained castings. (Wang et al., 2004).
2.3 Characterization Techniques

2.3.1 X-Ray Diffractometer
X-ray diffraction (XRD) is the most important analytical high-tech non-destructive technique

for characterizing a wide range of materials including fluids, metals, minerals, polymers,
catalysts, plastics, pharmaceuticals, thin-film coatings, ceramics, solar cells, and
semiconductors. X-ray diffraction (XRD) crystallography for powder samples is familiar and
commonly used in the field of materials characterization to get information on the atomic scale
structure of numerous substances in different states. It provides information on structures,
preferred crystal orientations (texture), phases, and other structural parameters, such as average
grain size, strain, crystallinity, and crystal defects. X-ray diffraction peaks are formed by
constructive interference of a monochromatic beam of X-rays scattered at particular angles
from each set of lattice planes in the sample. The peak intensity is determined by the
distribution of atoms inside the lattice. Consequently, the X-ray diffraction pattern is the pattern
of periodic atomic arrangements in a given material.

Max von Laue and Co., in 1912, discovered that crystalline substance act as a threedimensional

diffraction grating for X-ray wavelengths similar to the spacing of planes in a crystal lattice
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[1]. X-ray diffraction is currently a common technique for the study of atomic spacing and
crystal structures. X-ray diffraction is working on a crystalline sample and based on the
constructive interference of a monochromatic X-rays. These X-rays are produced by cathode
ray tubes (CRT), next filtered to produce monochromatic radiation, collimated to concentrate,
and directed toward the sample. For a given crystalline sample to generate an Xray pattern, the
interaction of the incident rays with the sample will produce diffracted rays, and this ray will

only create constructive interference when conditions satisfy Bragg's low.

Diffraction vector.
4

hki] A 4°
|
!

|
nA = 2dpiSin 0 \ |

A

Fig. 2.1. Bragg's law [1]

Where n is an integer, A is the wavelength of the incident X-rays, d is the interplanar spacing
generating the diffraction, and u is the diffraction angle. Bragg's law interconnects the
wavelength of electromagnetic radiation to the lattice spacing and the diffraction angle in the
crystalline sample. These diffracted X-rays are then detected, processed, and calculated.

When the crystalline sample is scanned through a range of 20 “angles (5 < 8 < 140), all possible
diffraction direction of the lattice should be achieved due to the random orientation of the
powdered material. Changing the diffraction peaks to d spacing enables the identification of
the compound because each compound has a set of assigned unique d spacing. Usually, this is

attained by comparison of compound X-ray d spacing with standard reference patterns. X-ray
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diffractometer comprises three basic elements: an X-ray tubes, sample holders, and X-ray

detector [2].

In a cathode ray tube (CRT), X-rays are generated by heating a filament to produce electrons,
accelerating the electrons on the way to a target by applying the target, and bombarding the
target sample with electrons. When the bombarded electrons have adequate energy to take out
inner shell electrons of the target sample, characteristic X-ray spectra lines are produced. These
lines fall into several sets, referred to as K, L, M, etc., in the order of increasing wavelength,
all the lines together forming the characteristic spectrum of the metal used as the target (Mo,
Cu, Co, Fe, Cr), the most common characteristic X-ray spectra lines are Ko and Kf. Ko consists
of Kal and Ka2. Kal has a somewhat shorter wavelength and double the intensity of Ka2.
Filtering by crystal monochromators or foils is required to produce monochromatic X-rays
necessary for diffraction. Kal and Ka2 are sufficiently close in wavelength to one another such
that an average of the two is used. Copper is the most communal target material for single

crystal diffraction, with Cu Ko radiation A = 1.5418 A.
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Fig. 2.2. The characteristic spectrum of the copper [3]

. These X-rays are parallel and directed onto the sample. As the detector and sample are rotated,

the intensity of the reflected X-rays is recorded on a computer. When the geometry of the

incident X-rays striking the sample satisfies Bragg's law, constructive interference occurs, and

a peak in intensity appears [4].

A detector registers and processes this X-ray signal and converts it to a count rate, which is

then output to a printer or a computer monitor.

For the sample to characterize the sample rotates in the path of the collimated X-at the angle 6

though the X-ray detector mounted on the opposite side arm to collect the diffracted X-ray and

rotate the angle of 20. The instrument used to sustain the angle and then rotate the sample is

called a goniometer.
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Fig. 2.3. Schematic [2] and Instruments [5] for powder X-ray diffraction
For powder patterns, data are collected at 20 from 5 to 80, angles that are present in the X-ray
scan. X-ray powder diffraction is most commonly used for the identification of unknown
crystalline materials (for instance: inorganic compounds, minerals). Determination of unknown
crystalline materials is vital to studying material science, environmental science, engineering,
biology, and geology. Additional uses include determining phase composition of a sample,
residual strain, crystal structure/texture/orientation, crystallite size and microstrain,

determination of unit cell dimensions, and measurement of sample purity.

With specialized techniques, X-ray diffraction (XRD) can be used to determine crystal
structures, volume and density by using Rietveld refinement, determine modal amounts of
minerals (quantitative analysis), characterize thin film samples, and make texture

measurement, for example, the orientation of grains in polycrystalline samples [6].

2.3.1.1  Sample Preparation

Appropriate sample preparation is one of the most important requirements in the analysis of
powder samples by X-ray diffraction. Sample preparation contains the right sample treatments
to eliminate unwanted substances and proper techniques to obtain looked-for particle size,

orientation, thickness, and other parameters.

Analysis of powder samples by X-yay diffraction requires that they are extremely fine-grained

to achieve good signal-to-noise ratio and avoid fluctuation in intensity, spottiness, and
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minimize favoured orientation. The reduction of powders to fine particles also guarantees
enough particles involvement in the diffraction progressions. The suggested size range is about

1-5mm [4, 7], particularly if the quantification of numerous phases is desired.

For predictable qualitative development of mineral components, the samples are typically
grounded to pass through a 325-mesh sieve (45 mm). Grinding is accomplished either through
hand grinding with mortar and pistil or in a mechanical grinder. The effects of unnecessary
grinding lead to lattice distortion and the possible formation of an amorphous layer (Beilby

layer) outside the grains.

2.3.2 Microscopy
2.3.2.1  Scanning Electron Microscopy (SEM)
The scanning electron microscopy (SEM is one of the most multipurpose devices accessible

for examining the chemical composition and microstructure morphology characterization. It is
essential to know the basic principle of light optics to understand the fundamentals of electron

microscopy.

A scanning electron microscope uses a superbly focused beam of electrons to bring out the
detailed surface characteristics of a sample and provide information associate with its three-
dimensional structure. It also has a specific advantage of providing a great depth of field.
Starting the first commercial instruments in the mid-1960s, the scanning electron microscope
provided the connection between the magnification ranges offered by light microscopy and the
higher resolving capability of the transmission electron microscope (TEM). At present,
following the development of electromagnetic lens systems, vacuum systems, and electron
guns, the SEM scan has a 1 nm resolution. So, there is no substantial overlap between the
resolving power of the two forms of electron microscope available, although the techniques are

complementary and different types of microstructural information are obtained in each case

8].
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2.3.2.1.1 Configuration of SEM

The electron gun produces the electrons and accelerates them to an energy level of 0.1-30 keV.
The diameter of an electron beam produced by a hairpin tungsten gun is too large to form a
high-resolution image. Therefore, apertures and electromagnetic lenses are used to define and
focus the electron beam on a small, focused electron on the samples. This process demagnifies
the size of electron sources (a tungsten filament ~50 um) to the final necessary spot size (1-
100 nm). During this process, a high-vacuum environment, which allows electron travel
without scattering by the air, is needed. The sample stage, electron beam scanning coil, signal
detection, and processing systems gives real-time observation and image recording of the

sample surfaces [9].
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Fig. 2.4. Schematic diagram of a scanning electron microscope (SEM) (JSM-5410,
courtesy of JEOL, USA) [9].

Electron Guns

Present SEM systems need the electron gun to produce a steady electron beam with high
current, adjustable energy, small spot size, and small energy dispersion. Numerous types of
electron guns are used in the SEM system, and the electrons beam they produced qualities vary
considerably. The first SEM systems generally used Tungsten "hairpin” or lanthanum
hexaboride (LaBe) cathodes, which provides ease of operation, low cost, and simplicity. But
for the present SEMs, the trend is to use field emission sources, which provide lower energy
dispersion and improved current. Emitter lifetime is another important consideration for the

selection of electron sources.
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Electron Lenses

Electron beams can be focused by a magnetic or an electrostatic field. However, an electron
beam controlled by the magnetic field has a smaller abrasion. Therefore the only magnetic field
is employed in the SEM system. Coils of wire, known as "electromagnets," are used to produce
a magnetic field, and the paths of the electron can be attuned by the current applied on these
coils. The electron lenses can be used to magnify or demagnify the electron beam diameter,

because their strength is variable, which results in a variable focal length.

Condenser lenses

The electron beam will deviate after passing through the anode plate from the emission source.
By using condenser lenses, the electron beam is converged and collimated into a comparatively
parallel stream. The position of the focal point can be controlled by adjusting the condenser
lens current. For modern electron microscopes, a second condenser lens is often used to provide

additional control on the electron beam.

Objective lenses

The electron beam will diverge under the condenser aperture. Objective lenses are used to focus
the electron beam into a probe point at the sample surface and to provide further
demagnification. A suitable choice of lens demagnification and aperture size results in a
reduction of the diameter of an electron beam on the specimen surface (spot size) and enhance

the image resolution.

2.3.2.1.2 SEM working Principles
When a fine beam of electrons is focused on to the surface of a sample, different interactions

occur, including the emission of secondary electrons (SE) and backscattered primary electrons

(BSE). If these are collected and amplified, they can be used to create an image corresponding
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to the sample's surface topography. The electron beam is scanned across the sample recurrently
in a raster pattern, which is synchronized with the scan of a cathode ray tube such that the image

is presented in a digitized form built upon a computer monitor.

As with transmission electron microscopes, conventional instruments must be operated under
a high vacuum so that the electron beam can travel to the sample surface without collision with
gas molecules [8].

2.3.2.1.3 Sample Preparation

Cutting: Saw equipment for sample precision cutting to obtain dimensions limited by support

table disposed inside the sample chamber.

Mechanical polishing: Polishing by using special waterproof fine-grain grinding papers and
using special velvet tissue immersed by diamond paste or water suspension of Al.O3. Any

traces of scratches must be removed. The specimen surface must be brilliant.

Etching: Etching is the last operation necessary for microstructure visualization. It is realized

by application chemical reagent on the surface of a polished specimen.

Mounting: Samples are embedded at epoxy resin for better mounting on the holder called
sample stub and correction of sample quality before mounting samples must be cleaned, free

of dust, grease, and any impurities.

Sample coating: Samples analyzed by SEM methods must conduct electrical current. If the

sample doesn't conduct electrical current, they must be coated with a thin layer

, 1.e., 20nm-30 nm of conductive metal of Au, Pt, W, Cr, C, or Cu. Sample coating is anticipated
to prevent charge-up occurrence by letting the charge on the sample surface goes to ground

through the coated conductive film.
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Sample Labelling: The SEM sample must be properly labelled. It is hardly possible to label
the sample directly; however, this method can be achieved with a permanent marker on the

undesired of a metal sample.

2.3.2.2  Electron Probe Micro Analyser (EPMA)

The Electron Probe Micro Analyser “EPMA” is an instrument to analyse which elements
compose a substance by irradiating electron beams onto the substance surface and measuring
the characteristic X-ray generated. It gives a detailed image of the sample with nondestructive

in situ chemical analysis.

EPMA was developed and presented by Dr Castaing of France in his academic dissertation in
1951. EPMA today is playing an active role worldwide, as a multi-purpose, multi-functional
tool equipped with electron optics technology. EPMA has evolved into an instrument that can
handle the elemental analysis of sub-micron areas as well as observation, examination, and

image analysis for areas as large as 10 cm?.

This apparatus is used for basic research in a devise range of fields, such as minerals, steels,
ceramics, semiconductors, medical and dental materials, textiles, biology, and applied research

and product quality management [18].

EPMA works by bombarding a micro-volume of a sample with a focused electron beam and
collecting the X-ray photons in that way emitted by various elemental species. Since the
wavelength of these X-rays is typical of the emitting species, the sample's composition can be
simply known by recording WDS (Wavelength Dispersive Spectroscopy) spectra. WDS
spectrometers function based on Bragg's law and use numerous moveable, shaped

monocrystals as monochromators.

35



Ceramics Engineering JU-JIT

2.3.2.2.1 Mechanism of instrument
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Fig. 2.5. The structure of an EPMA device [18].

2020

Electrons emitted by electron gun are accelerated at a definite accelerating voltage and

collimated through electron lenses. Once this electron beam hits the sample, an X-ray is

produced from the sample. By scattering this X-ray using a dispersive element, the composition

of a sample can be studied. This type of spectrometer is known as a wavelength dispersive

spectrometer (WDS) [19].

e EPMA is a qualitative and quantitative technique of non-distractive elemental

analysis of micro-sized volumes at the surface of materials, with sensitivity at PPM

level. It is the most accurate micro-analysis method.

e EPMA is completely compatible with routine analysis sessions, with a simple and

interpretation of the outcomes.
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e EPMA devices are equipped with complete equipment of built-in microscopy tools
that allow concurrent X-ray (EDS and WDS), BSE and SEM imaging, additionally
complex visible light optics, they provide very flexible sample examination with
image magnification ranging from 40 to 400,000.

e Determination of thickness and elemental composition from nm to mm thick layers

in stratified materials is possible.

EPMA delivers a much better result than typical SEM/EDS systems. Since WDS's internal
properties, the general sensitivity, analysis of light elements, and risks of a mistaken
clarification of measurable spectra are all greater with EPMA.. Spectra detector and resolution
end time are much better than EDS. The excitation beam regulation system and complex sample
stage abilities guarantee that this method provides outstanding constancy and measurement

repeatability.

2.3.2.3  Seebeck coefficient and electrical conductivity measurements
Seebeck coefficient, also known as the thermopower, is usually measured by either a dc or ac

technique. 12-14, the former represents one of the simplest transport measurements. It requires
a thermal gradient to be established along with a sample and measuring both the thermoelectric

voltage and the temperature difference between two points along the length of the sample [10].

During the measurement of the Seebeck coefficient and electrical conductivity of bulk
thermoelectric materials, the sample holder was designed to have a dense structure that can be
directly mounted in a standard cryostat system for temperature-dependent measurements.
During the measurement of the Seebeck coefficient, a thin bar or cylinder-shaped sample is
mounted joining the two copper bases, and two type thermocouples are connected to the in the
middle of the sample to determine both temperature and voltage differences between two

widely separated points on the sample. Two ceramics heater are used to generate a temperature
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gradient along with the sample. The thermocouple intersection is flattened into a disk and
pressed onto the sample surface by using spring load. The springy fixation technique we
implemented simplifies the sample mounting process and avoids thermal contact deterioration
because of the mismatch of thermal expansion coefficients among the sample holder and other

parts [11].

A variety of approaches have been developed for measurements of the Seebeck coefficients,

each with their advantage and disadvantage [12-14].

In general, methods for measuring the Seebeck coefficient can be divided into two categories:
the two-probe scheme and the four-probe scheme. In the two-probe scheme, two metal blocks
with embedded thermocouples are used to clamp the bulk sample and establish a temperature
gradient across the sample. The temperature difference is determined on two metal blocks. In
the four-probe scheme, the temperature gradient is also applied through two metal blocks, but
the temperature difference is determined by directly attaching thermocouples onto two points
on the sample. As mentioned by Rouleau and Alleno, the two-probe scheme neglects the effect
of contact thermal resistance between the sample and metal blocks and therefore is only
applicable for thick or block-shaped samples. For thin bar-shaped or cylindrical samples, the
four-probe scheme is required since the contact thermal resistance is not negligible. The good
thermal contact between the sample and thermocouples is crucial for an accurate Seebeck

coefficient measurement [11].

ULVAC The thermal power, thermoelectric power, or Seebeck coefficient of a material
measures the magnitude of an induced thermoelectric voltage in reply to a temperature

difference across that material. The Seebeck coefficient has units of (V/K).
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For Seebeck coefficient measurements, the general idea is to measure the voltage generated by
the sample under a temperature gradient. Some key guidelines that are commonly followed

during Seebeck coefficient measurements are listed below:

1) Voltage and temperature must be measured at the same locations and at the same time;

2) Excellent thermal (isothermal) and electrical (Ohmic) contacts must be maintained between

the probes and the sample;

3) The measurement system must be stable, and noise from the measurement and data
acquisition systems must be minimized as voltages generated in samples are typically in the

range of a few uVs

For measurements of electrical resistivity, the four-point probe method is widely used for
thermoelectric materials, not only to evaluate new high zT materials [15] but also to develop a
Seebeck coefficient standard reference material [16]. Since the four-point probe method
requires an axial current flow and precise dimensional measurements to apply the proper
geometric correction factors [17], bar-shaped samples are the preferred geometrical shape with
this technique. These measurement techniques exclude the influence of contact resistance and
minimize the influence of the thermal emf arising from the Peltier effect. The latter effect is
particularly difficult in thermoelectric materials, where the Peltier contribution can lead to
serious errors in measurements of the electrical resistivity. Since the emf arising from the
Peltier effect is of thermal origin, it takes a fraction of a second to develop in the sample. If the
excitation current is reversed in a time shorter than the time needed to develop the Peltier-
generated emf, the Peltier contribution can be effectively eliminated, and a purely ohmic signal

can be measured [12].
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2.3.2.3.1 Method

Usually, a sample of bar or cylindrical shape is vertically positioned in the middle of two
electrodes. The lower electrode (or optional also the upper electrode) block for a temperature
gradient inversion contains a heater, while the entire measuring arrangement is located in a
furnace, which heats the sample to a specified temperature. On this temperature, the secondary
heater in the lower electrode block generates a set of a temperature gradient. The two
thermocouples T1 and T2 then measure the temperature differences (AT = T2 — T'1) between
the sample's hot and cold sides. Also, one wire of each of the two thermocouples is used to
measure the occurring electromotive force EMF and thermal voltage V¢, respectively. A unique
spring-based thermocouple mechanism permits the best possible electric contacts, which gives
the highest accuracy measurements. The Seebeck coefficient can easily be calculated from the

obtained data.

Heating furnace

Upper block

| |

Thermocouple

Constant = Sample temperature T1
current Current  Sample
power supply eIeCtro\de < Sample temperature T2
[

~ dV,dE

Lower block

Temperature difference
setting heater

Fig. 2.6. Schematic diagram of the Seebeck coefficient and electrical resistivity measurement [17].

For the measurement of electrical resistance, the dc¢ four-terminal method is used, which allows

neglecting parasitic effects, like contact or wire resistances. For the measurement, a constant
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current (I dc) is applied through the upper and lower electrode, and the corresponding voltage

drop (V£2) along the sample is measured between one wire at each of the two thermocouples.

2.4  Scope

This research covers the effect of different processing root on transport properties and
microstructure formed by the Cu-Sb-Te pseudo-binary system. The microstructural study will
include researching the effect on the transport properties formed by directional solidification
and brine quenching and induction melting. The thermoelectric property will be studied to
examine the effect of this different processing root on Cu-Sh-Te. The research on the region of
CuzTe-Sh,Tes focuses on determining different microstructures which may have potential
application for thermoelectric devices. The study of microstructure variation focuses on the
effect of the composition, processing method, and solidification speed on the transport

properties. The samples will be compared in terms of their thermoelectric properties.

2.5 General Objective

v" Investigation of the effect of processing roots on the thermoelectric properties of the

pseudo-binary system of Cu-Sh-Te for thermoelectric application.

2.6  Specific Objectives
v Synthesis of different thermodynamically stable phases of the pseudo-binary system
of Cu-Sb-Te with different compositions and solidification speed (for the directional
solidification sample).
v’ Characterize the microstructure of the synthesis pseudo-binary system of Cu-Sh-Te
alloys.
v" Measure thermoelectric transport properties of the synthesis pseudo-binary system of

Cu-Sb-Te.
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CHAPTER THREE
3. Tuning the thermoelectric material transport properties: Case
of unidirectionally solidified Cu,Te-Sb>Tes eutectic

3.1. Introduction:
In a recent year, many efforts have been made to improve the figure of merit zT value of
thermoelectric materials, such as controlling the microstructure [1, 2] preparing nano
composites [3, 4] and elemental doping [5]. Controlling microstructure, for the most part,
influences the thermoelectric properties of the material. For instance, controlling the
microstructure enhanced the thermoelectric properties of Bi2Sz polycrystalline. The fine grain
size contributes to the large Seebeck coefficient and low thermal conductivity but leads to an
increase in electrical conductivity. However, the coarse grain size contributes to low electrical
resistivity but causes an increase in thermal conductivity. Although many works have been
done to optimize grain size for improving the TE properties of bulk and film materials, they
just find a suitable grain size which could optimize TE properties, and could not fully utilize
the characteristics of fine and coarse grains [6-8]. To fully functionalize such dual effects of
grain size, a high-performance TE material may need a good combination of coarse and fine

grains in an individual material.

Some of the approaches for modification of the microstructure for changing these properties
are solidification [9, 10], spinodal decomposition [11-13] as well as solid-state precipitations
[14-17]. Among these, solidification can produce wide-range of microstructural features
starting from amorphous to multiphase to single-crystal during liquid to solid transformation.
During solidification, the temperature gradient across the solid-liquid interface and its growth
velocity are the two important processing parameters which can influence the evolution of
microstructure [18, 19]. The desired morphology can be attained by controlling the temperature

gradient and velocity independently. Microstructural modifications through the control of
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cooling rate to enhance the thermoelectric performance has gained attraction over the recent
past [20-22]. However, these efforts are geared towards the reduction of the contribution of
lattice thermal conductivity to the total thermal conductivity (k) to enhance the thermoelectric
figure of merit zT (where zT= S%c/x). The enhancement of the thermoelectric power factor
(S%0) can also significantly improve thermoelectric performance that may be equally important
to that of the reduction of thermal conductivity [23-25]. The microstructural modification
provides a mean for achieving this. For instance, the microstructure and the thermoelectric
properties of the polycrystalline Bi>Tes-PbTe alloy which was prepared by spark plasma
sintering of 90 nm size powders, were examined. The grain which has 200 nm numerous mm
size were observed by SEM and TEM. The polycrystalline alloy consists of Pb-rich and Bi-
rich regions with several nm sizes, which was identified by EDS. The polycrystalline alloy has
the highest value of power factor of 4.30 x10*W m™ K2, and zT 0.39 at 473 K. The thermal
conductivities were smaller than those of the Bi>Tes-PbTe ingot and the polycrystalline Bi>Tes.
Thermal conductivity by phonon can be more decreased by the control of the microstructure of
polycrystalline Bi>Tes-PbTe alloy. Therefore, in this work, we have developed unidirectional
solidification to modify the microstructure in such a way that can improve the thermoelectric
transport properties, S Seebeck coefficient, and ¢ is the electrical conductivity which
collectively improves the power factor S%c.

Thermoelectric composites comprising of the two or more different phases show to improve
the figure of merit zT as a result of the low lattice thermal conductivity. The low lattice thermal
conductivity of composite material is typically expected to be related with the improved
phonon scattering by meso / nanoscale interfaces, either heterophase interfaces or grain
boundaries. This theory encouraged wide research on understanding the function of
nanostructured and the synthesis of nanostructured thermoelectric materials. Among others,

thin-film thermoelectric materials show a mainly of the high figure of merit zT. But, the
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production of such materials often includes thin-film technologies with an inadequate
production, which limits their particular applicability. It is highly wanted to produce materials
with similar structures, but through bulk processing that permits obtainability in almost
applicable large quantities. Lamellar eutectic structures are comparable to superlattice
structures, but of enlarged layered thicknesses or distances and consequently, they are capable

candidates.

The pseudobinary systems differ from the true binary ones by the presence of one or more
phases with compositions lying outside those of the binary join, i.e., the compositions of all the
phases cannot be expressed as a linear combination of the two end-member components. A p-
type ShoTes and n-type Ag.Te composite have been achieved a high zT of 1.5 at 700K and a
high power factor of 1.0 — 1.5 mw*K™* with a temperature inconsiderate behaviour over wide
temperature range [26]. PbTe-Sb.Tes pseudobinary alloy, which is prepared by rapid
solidification and decomposition of the thermoelectric composite. The decomposition phase
ShoTesand PbTe are highly originated respect to one another, characteristics typically epitaxial
crystal growth, suggest the presence of clean, atomically precise interfaces. The presence of
such interface with nanoscale superlattices may be critical for high performance nano-
structured thermoelectric Sb.Tes and PbTe. The composite is p-type with a Seebeck coefficient
of 30 uV/K and electrical resistivity of 4*10*Scm [27]. Recent research efforts have focused
on decreasing the lattice thermal conductivity of these materials, without a concomitant
reduction in their electrical conductivity, by using the phonon-glass—electron crystal
approach.5 For example, Venkatasubramanian et al. were able to increase ZT to up to 2.5 by
synthesizing a p-type Bi>Tes/ShoTes superlattice structure through metal-organic chemical
vapour deposition (MOCVD) [28]. Cao et al. developed Bi>Tes/Sh,Tes nanocomposites using

a hydrothermal synthesis method and hot pressing, achieving a maximum ZT of 1.476 [29].
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Eutectics are common feature in many phase diagrams and have developed for various
application [2, 18-26]. For instance, Cu2Te-Sh2Te3 [30], PbTe-Sh,Tes [21, 31], PbTeBi2Te3
[32], PbTe-Si/Ge [33], PbTe-TeAg5Te3 [34], Ag.Te-PbTe-Sh2Te3 [35], PbTe-MnTe [36],

InSb-Sb [37], among others, have been studied mainly in the recent seven years.

At the current time, research on eutectic thermoelectric materials was mostly direct the course
on randomly oriented eutectic structures. Bearing in mind that the constituent phase of a
composite has different physical properties, the transport performance along the hetero-phase
interface will be different from that across the interfaces, as e.g. theoretically predicted by
models for physical properties of composite materials [38, 39] and shown by experimental
observations [40]. This proposes that the thermoelectric properties of isotropic eutectics with
randomly distributed interface orientations do not satisfactorily differentiate the effect of the
interfaces from other factors. It is highly necessary to study the influence of microstructural
features such as volume fractions, length scales and crystallographic orientation distribution

independently.

During solidification of eutectic systems [41, 42], solid-phases self-organise themselves into
characteristic spacing based on the solidification velocity and grow along the imposed
temperature gradient. Such alignment of the eutectic phases along the temperature gradient
causes anisotropy in the properties i.e. property along growth direction (longitudinal direction)
is different concerning that along the perpendicular to growth direction (transverse direction).
In case the constituent phases of the eutectic microstructure have different transport properties,
such a variation will result in variable transport behaviour in the alloys with changes in the
solidification rates as well as the growth directions [9]. Directional solidification with the well-
defined orientation of eutectic lamellae is appropriate to separate crystal anisotropy from
microstructural features. This can further help to enhance the thermoelectric performance of

eutectic thermoelectric composites. This drives the motivation for the current work in which
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we have studied the thermoelectric properties along growth direction as well as transverse

direction by varying the solidification rates under a constant temperature gradient.
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Fig.3.1: Pseudo-binary phase diagram of Cu,Te-Sh,Te; system [43]

The CuxTe-ShoTes pseudo-binary phase diagram in Fig.3.1 shows the existence of a eutectic
point at a copper concentration of Cu 33 at. % and temperature 753 K. We have chosen the
composition (CuzTe) e202-(Sh2Tez)s7.08 Of the eutectic alloy from this system. The metal
Chalcogenides (S, Te, Se) have been attracting significant attention in a variety of energy
harvesting applications including, solar cells, light-emitting diodes (LED), batteries, sensors,
supercapacitor, thermoelectric devices ... etc [44-46]. Compared with oxides, metal
chalcogenides based thermoelectric materials possess high thermoelectric transport properties
due to less covalent nature of their bonding, arising from their low electronegativity. Their
heavier atomic weight, compared to some other thermoelectric materials, is beneficial for
reducing thermal conductivity.

In earlier reports, the thermoelectric transport properties of the constituent phases, i.e. CuzTe
and Sh.Tes, has been tuned by controlling the charge carrier concentration via doping/alloying

[47-49] and by microstructural engineering [50, 51]. Both chalcogenides crystallize in the
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trigonal system and are intrinsically p-type semiconductors that form solid solution with each

other over a wide range of compositions.

CuxTe has unique electronic properties [52] and belongs to the phonon-liquid-electron-crystal
(PLEC) system possessing low thermal conductivity [53]. In recent times, di-copper
chalcogenides such as Cu.S, Cu,Se, and Cu,Te have become common due to the high
thermoelectric figure-of-merit exhibited by these compounds [54]. Regardless of the simple
chemical formula of copper chalcogenides, they have quite complex crystal structures, usually
accompanied by several phase transitions [55]. From all these copper chalcogenide families,
the phase sequence of Cu.Te is the most complicated, which undergo five successive phase
transitions from room temperature to 900 K. CuzTe, corresponding to a, B, vy, 0, and &, took
place at 454 K, 597 K, 627 K, and 759 K, respectively [54, 55]. Electronic band structure
calculations show that Cu.Te is a semimetal with metallic conductivity, while optical studies
find this alloy to be a semiconductor with a bandgap of 1.04 eV [54]. The phase transition could
indeed cause extra phonon and carrier scattering, then Cu>Te should be a striking critical
scattering candidate for TE materials. Additionally, tellurium is not only heavier but is also less
electronegative than sulphur and selenium, making telluride’s reasonably more promising TE
materials than sulphides and selenides [56]. The sample CT2 has a higher S (29.5 pV K—1 at

573 K) and a lower 6 (2513 S cm at 573 K) due to a lower carrier (hole) concentration.

In Sb — Te system, SbhoTes is the most stable compound. Sh,Tes is a p-type thermoelectric
material applicable near room temperature application and plays a vital role in thermoelectric
technology [57-61]. This material has rhombohedra (R-3m) structure with a lattice parameter
ofa=b=4.264 A and c=30.458 A consisting of a layer of five atomic planes with a sequence
of Tel-Sh-Te2-Sb-Te (R), where Tel and Te2 denote the position of Te atoms [60], Each of
the five atomic planes is a weak Van-der-Waals interaction that exists between the adjacent

layers [57]. The thermoelectric properties of Sh,Tes and its alloys has been studied extensively
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both theoretically and experimentally. The room temperature Seebeck coefficient value of
Sh>Tez compound is 83 pV/K along the cleavage plane and 92 pV/K perpendicular direction

[62].

Thermoelectric properties of a pseudo-binary phase Sbh>Tez and Cu,Te prepared by solid-state
synthesis for hypereutectic, eutectic, and hypoeutectic composition SN05, SN15, SN25, SN33,
and SN42 it has been reported a power factor PF of 0.4 - 0.6 (unit). The alloys have a higher
Seebeck coefficient at a higher temperature (S~110 uV/K at 600 K), and o lies in the range of
4000 and 11,000 S cm™! at 350 K from SNO5 to SN62 [30]. However, few quantitative studies
in the literature are available that aims at correlating quantitatively the scale and arrangements
of multicomponent phases with thermoelectric power factor. The goal of this study is to
achieve this on a set of pseudo-binary Cu,Te-SboTes eutectic alloys through directional

solidification using a modified-Bridgman type apparatus.

3.2. Experimental Procedure:

The pseudo-binary eutectic alloy composition (Cuz2Te)e2.02-(Sb2Tes)s7.08 was chosen for the
present study according to the phase diagram given in Fig.3.1 [43]. The elemental shots of Cu
(4N), Sb (4N) and Te (4N) were weighed according to the stoichiometric ratio Cu (33 at.%),
Sb (20.21 at.%) and Te (46.79 at.%) and sealed in evacuated quartz tubes. The elements were
melted together to obtain homogeneous compositions using induction melting. Synthesized
alloys were sealed in evacuated quartz tubes and were used for directional solidification
experiments. A modified-Bridgman apparatus was used for directionally solidifying the alloys.
The modified-Bridgman type apparatus consists of the isothermal hot zone, isothermal chill

zone separated by an insulating zone as shown in

Fig. 3.2 (a). The required temperature of the hot zone is obtained through resistance heating

(Kanthal-A is used as a heating element). Chill zone is maintained at lower temperatures by
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continuous circulation of chilled water. The purpose of the insulation zone is to establish a
thermal gradient between the hot and chill zones without much heat transfer between the zones.
The axial temperature profile in the apparatus is obtained when the hot zone is set at 923 K and
the chill zone has 398 K water circulation, using a thermocouple which is kept stationary and
measured the temperatures when the apparatus is moved relatively to the thermocouple. The

axial temperature plot is as shown in

Fig. 3.2 (b). The temperature gradient at the melting point of the eutectic is calculated using the
axial temperature plot and is 23.4 K/mm. We have varied solidification rates by changing the
rate of traverse of the apparatus relative to the stationary sample using a gearbox coupled with
a stepper motor that translates the assembly along a fixed linear drive. Using this assembly, we
directionally solidified the alloys up to 80 mm length at a constant temperature gradient (23.4

K/mm) and different pull velocities (V= 1, 4, 16, 32 um/s).
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Fig. 3.2: Schematic of the modified Bridgman apparatus is shown in (a), whereas (b) is axial
temperature profile obtained using thermocouple from hot zone to chill zone
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(@) (b)

Fig. 3.3: Schematic showing the measurement of the Seebeck coefficient and electrical resistivity
along (a) longitudinal direction (parallel to the solidification direction) and (b) transverse direction
(perpendicular to the solidification direction)

3.2.2. Characterization techniques:
Traditional polishing techniques are employed for metallographic analysis of transverse and

longitudinal sections of the directionally solidified samples. Microstructure characterization
has been done using a field-emission microscope equipped with an electron probe
microanalyzer JEOL, JXA-8530F. Cylindrical samples of c.a 12 mm x 6 mm were used for the
measurement of the transport properties, along both parallel and perpendicular to the
solidification direction as shown in Fig. 3.3 (a) and (b) respectively. The transport properties
such as Seebeck coefficient and electrical resistivity of the alloys were measured in the
temperature range between 300 K and 600 K, using the ULVAC ZEM-3 system. A differential
method was used for the measurement of Seebeck coefficient while a four-probe method was
used for electrical resistivity. The errors in measurement for the Seebeck coefficient and

electrical resistivity were 7% and 10% respectively.

3.3. Results and Discussions

3.3.1. Microstructure and phase analysis:
The microstructures of the eutectic system obtained by directional solidification at different

solid-liquid interfacial velocities are shown in Fig. 3.4. The microstructure of the low
magnification transverse section using SEM is shown in al, b1, c1, d1 whereas that of high

magnification transverse sections shown in a2, b2, c2, d2 of Fig. 3.4. Micrographs of the
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longitudinal section are shown in a3, b3, c3, d3 of Fig. 3.4. The microstructures reveal the
formation of two-phase colonies in the samples solidified at V=32, 16, 4 um/s. Since the alloys
we have chosen fall in the pseudo-binary eutectic valley in the ternary phase diagram [43], such
compositions can undergo univariate eutectic reaction during solidification and can lead to
diffusive instabilities that arise beyond a critical velocity leading to the formation of two-phase
colonies. This phenomenon is very similar to the Mullins-Sekerka instability [63] that occurs
in single-phase solidification. Such types of two-phase instabilities (colonies) reported in [64,
65]. At velocities greater than 1 pm/s, the eutectic front gets de-stabilized, causing the

formation of these colonies.
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Fig. 3.4: SEM images captured from directionally solidified samples at different velocities (a to d
represent the variation in morphology with a decrease in velocity). al,a2,b1,b2,c1,c2,d1,d2 are
images captured from transverse sections and a3,b3,c3,d3 are the images captured from the
longitudinal sections

3.3.2. Morphology and eutectic length scale selection:
The morphology of eutectic is lamellar inside the colony at higher velocities i.e. V = 32, 16

pm/s. However, with a decrease in velocity to V = 4, 1 um/s, we observe predominantly
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degenerate lamella morphology of the eutectic. Morphology of the colonies observed in all
cases is plate type. We have determined the eutectic spacing as well as the colony spacing using
ImageJ software. In Table 1 and Fig. 3.5 (a), the variation of the eutectic lamellar and colony
spacing with solidification rates have been provided. The variation of average eutectic spacing
(M) with the inverse square root of velocity (V°°) is plotted in the Fig. 3.5 (b). The eutectic
spacing shows an increasing trend with a decrease in velocity. The square of the slope of the
linear fit gives the scaling constant A2V as c.a. 2.37+0.16 um?3/s. A slight deviation from the

linear fit could be due to the formation of colonies in the eutectic system.

Table 3.1: The lamellar and colony spacing of the alloys at different solidification rates

Nomenclature Solidification Lamellar spacing Colony Spacing
rate (Um/s)
(um) (um)
Alloy 1 1 2.41+0.22 1)
Alloy 2 4 1.86+0.13 05.7+17.2
Alloy 3 16 1.46%0.35 49.7+8.8
Alloy 4 32 0.95+0.27 42.7+10.2
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—_ 1 a ] .\‘verage Larr.lellar Spacing g- b
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; 2.0 80 %‘ & 2.0
E 1.5 60 \; g 1.5+
P 3 5
f 1.0 %_" L a0 %” 1.0
é 1 3 Slope: 1.54+0.4
0.5 — . . 20 0.5 , . . .
14 16 32 02 0.4 0.6 0.8 1.0
Solidification Speed pm/s [V(um/s) "

Fig. 3.5: (a) Variation of lamellar spacing and colony spacing with different solidification
velocities; (b) variation of eutectic lamellar spacing of the alloys with the inverse square root of
different solidification velocities
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3.3.3. Composition distribution:
Composition distribution maps are obtained with an electron probe microanalyzer (JEOL, JXA-

8530F) equipped with a field emission source. The map of the sample solidified at 32 pm/s
along the transverse direction is shown in Figure 3.6. It reveals that composition is not
homogenous throughout the microstructure. The higher compositions of Sb in inter-colony
regions as shown in Figure 3.6 is due to segregation of Sb in the cell boundary during
solidification. Similar variations in Sb composition is also observed in samples solidified at a
growth rate of 16 and 4 um/s. The Composition distribution map of the sample solidified at 1
pm/s along the transverse section is shown in Fig. 3.7. As we already pointed out that the
samples solidified at 1 pm/s had no colony formation due to suppression of colonies, we

observe the uniform distribution of elements in their respective phases.

. e £

SEM Micrograph . ‘ ' 1 e
. N L-_ : ne

. . \ . y 5570

s1m
5632
5162
4693
Q0
7
3285
2816
2347
87

Ave 2823

6218

» 1740
N ae 89
>

Figure 3.6: Composition distribution maps (along the transverse section) obtained from the sample
solidified at 32 um/s for Cu, Sh, Te elements showing segregation of element Sb in inter colony
regions
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Fig. 3.7: Composition distribution maps (along the transverse section) obtained from the sample
solidified at 1 um/s for Cu, Sh, Te elements showing the uniform distribution of elements in each
phase.

3.4. Thermoelectric transport properties:

The different rates of solidification results in the variation of the spacing of the eutectic as well
as the morphology of the phases. As has been shown in Table 3.1 and Fig. 3.5 (a), the average
lamellar spacing, as well as the colony spacing, decreases with an increase in the solidification
rate. The decrease in the spacings will result in enhanced carrier (holes) scattering and thereby
affect the transport properties. Moreover, the difference in the alignment of the phases results
in anisotropy in electronic properties in different directions. We, therefore, measured the
transport properties of the alloys in two directions: (1) parallel to the solidification direction
(termed as longitudinal, and (2) perpendicular to the solidification direction (termed as
transverse) and correlated the properties in each of the directions with the variation in lamellar

spacing.
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Fig. 3.8: Temperature-dependent variation of the electrical conductivity with changes in lamellar

spacing; measurement carried out along longitudinal and transverse directions As shown in Fig.
3.8, the electrical conductivity of the alloys decreases with temperature following the power-
law o o< TY where 6 is the relaxation time [65]. From the theoretical fit of the power-law, the 6
values for all the alloys in the longitudinal direction could be estimated to be -1.6. The same &
values indicate that the scattering phenomena in all the alloys are the same in a longitudinal
direction. Whereas, the values were different for each alloy in the transverse direction. This
indicates that carriers get scattered differently in each alloy due to differences in the Cu,Te-
Sb.Tes interfaces. In both the longitudinal and transverse directions, the values of § indicate

that the carrier scattering is dominated by acoustic phonon scattering [66, 67].
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Fig. 3.9: Variation of Seebeck coefficient and electrical conductivity with lamellar spacing along a
longitudinal and transverse direction at 580 K

In both the configurations, the electrical conductivity is higher in the sample with 1um/s
solidification rate and decreases systematically with an increase in the rate. This correlates with

the systematic decrease in the lamellar spacing as shown in Fig. 3.9. As the solidification rate
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increases, the lamellar spacing decreases from 2.41 um to 0.95 pum. This means that the number
of interfaces increases, leading to an enhancement in charge carriers scattering in the alloy with
0.95 um spacing. There is a systematic trend between electrical conductivity and lamellar
spacing in both longitudinal and transverse cases. However, the conductivity has reduced
significantly (almost by half) in the transverse direction compared to the longitudinal direction.
This is because, when the electrical conductivity is measured in the longitudinal direction, the
equivalent electrical circuit will be similar to that of resistors (here the CuTeSh>Tes eutectics)
connected parallel to each other. Compared to a series connection with the same set of resistors,
the overall resistivity will be low (i.e. conductivity will be high) in parallel configuration

(longitudinal direction).

In Fig. 3.10, the Seebeck coefficient of the alloys measured along longitudinal as well as in
transverse direction has been shown. The alloys exhibit p-type semiconducting nature as can
be observed from positive values of Seebeck coefficients. The following defect equilibrium
relations (3.3 and 3.4) shows the origin of the p-type conductivity. The Cu vacancies (V'cy) and

the antisite defects (Sb'te) leads to the creation of holes (k) in the pseudo-binary alloys.
(3.3) SbyTe; — 2Sbi, + 2l +2 Te; (g)

(3.4) Cu,_Te = 2Cug, + Teq, + xVi, + xh
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Fig. 3.10: The temperature-dependent Seebeck coefficient measured along the longitudinal and
transverse direction

According to the relation,

_ 8n?kE .

T 2/
= TombosT () 3.7)

(Where S is the Seebeck coefficient, m*pos is the density-of-states effective mass of the
carriers, n is the carrier concentration and T is the absolute temperature); it can be seen that the
Seebeck coefficient is inversely related to the charge carrier concentration. Since the electrical
conductivity is lower in the transverse direction, the available charge carriers might also be
lower. Hence, compared to the Seebeck coefficient in the longitudinal direction of

measurement, those at the transverse direction of measurement are higher.

As can be seen in Fig. 3.9, the effect of lamellar spacing on the electrical conductivity is
systematic throughout all the alloys. This contrasts with our observation for Seebeck
coefficient. As the lamellar spacing increases, the available charge carriers are more since it
does not undergo scattering. If the effective mass (m*pos) of the carriers remains constant and
only the carrier concentration differs (as governed by relation 3.7), then the value of Seebeck
coefficient will decrease with increase in lamellar spacing. In the longitudinal direction, the
Seebeck values decrease systematically until 1.86 pm. Thereafter, a slight increase in S can be

observed as the lamellar spacing increased to 2.41 um. In the transverse direction, the Seebeck
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value was ~ 88 pV K7 at 0.95 um and showed a peak at 1.46 um. Thereafter it decreased
systematically from 104 pV K to 90 uV K with an increase in the lamellar spacing from

1.46 pm to 2.41 pm.

The power factor (PF=S2c) for all the alloys, in both longitudinal and transverse directions, as
shown in Fig. 3.11. The power factor does not vary much with temperature in both the directions
of measurement. This holds significant importance from the perspective of the application. The
PF increased with an increase in lamellar spacing in both the directions of measurement. It can
be observed from the microstructural studies that, the formation of colonies in the eutectic
system could be suppressed by reducing the solidification velocity. Suppression of colonies
eliminated the compositional inhomogeneity that arises due to segregation of components in
the inter-colony regions. Such uniform microstructure obtained below critical velocity (i.e. 1
pm/s) showed uniform distribution of components. This led to an improvement in the
thermoelectric power factor which was even higher than that obtained in ref. [51] for the same
eutectic composition. The highest power factor was obtained for the alloy with 2.41 um along

the transverse direction.
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Fig. 3.11: The power factor (S?c) along a longitudinal direction and transverse direction; power
factor of the eutectic alloy with composition Cu 33 at.% from ref [51] has been plotted for
comparison
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Table 3.2: Comparison of the transport properties of the alloys in the transverse
direction with that of pristine Sb2Tes [71], CuzTe [48] and the same eutectic alloy

(CuzTe)s2.02-(Sb2Tes)s7.98 taken from [51]at 350 K

Sample Seebeck Coefficient Electrical Power factor
(MW m? K?)
(uV K1) conductivity
(Scm?)

Sh>Tes[49] 100 5000 5
Alloy 1 (2.41 um) 54.77+0.52 4550.05+427.83 1.22+0.01
Alloy 2 (1.86 pum) 65.10+1.68 2607.81+130.81 0.93+0.01
Alloy 3 (1.46 pum) 68.26+0.34 2623.08+44.46 0.94+0.02
Alloy 4 (0.95 um) 47.05+0.49 2031.10+126.54 0.39+0.02
Eutectic Alloy [34] 28.90 6526 0.55

Cu,Te[32] 10 10000 0.1
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3.5. Conclusion:

In this work, the microstructure and thermoelectric transport properties of the self-organized
eutectic composites obtained by directional solidification of pseudo-binary (Cu.Te)
62.02(Sh2Tes)s7.9s alloys have been explored. At higher growth rates (32, 16 and 4 um/s), cellular
microstructures and segregation at cell boundaries could be observed due to growing
instability. However, the sample solidified at a slower growth rate (1 pum/s) had uniform
microstructures free of cellular segregation. Due to variation in the configuration of the phases
along the longitudinal and transverse direction, anisotropy was observed in the thermoelectric
transport properties. A higher electrical conductivity accompanied by a lower Seebeck
coefficient was obtained in the alloys along longitudinal direction compared to that in the
transverse direction. Further, a systematic trend between conductivity and lamellar spacing in
both longitudinal and transverse cases was observed. With an increase in the solidification rate,
the lamellar spacing decreased from 2.41 pm to 0.95 pm. This resulted in increased carrier
scattering and hence the electrical conductivity was least in the sample with

0.95 um in both directions. However, this adversely affected the thermoelectric power factor
(PF) and a maximum value of PF of ~ 1.4 mW m™ K2 along the transverse direction could be
obtained at 580 K in the sample free of cellular segregation with an interlamellar spacing of

2.41 pm.
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CHAPTER FOUR
4. Tuning the thermoelectric material transport properties: Case
of brine quenched Cu;Te- Sb2Tes eutectic

4.1. Introduction
In most cases, the waste heat is lost without any either environmental or economic profit .this
energy does not cost anything. It can be used to reduce the impact of energy crises and heating
of the environment. Therefore, the interconversion of waste heat into electricity becomes a
better solution. The converter of heat into electricity is called a thermoelectric generator (TEG).
Thermoelectric generators (TEGS) have established their ability to directly convert thermal
energy into an electrical one via the Seebeck effect. Also, they are no contribution to
environmental pollution because they do not contain chemical products; they function
noiselessly because they do not have mechanical structures and/or moving parts.
They can be fabricated on many types of substrates like polymers, ceramics, and silicon [1, 2].
The material which converts heat flow into electric current and vies verse is called power
generation or refrigeration, respectively, known as thermoelectric materials [3]. The efficiency
of both power generation and refrigeration is determined in general by a measure of the

material’s dimension figure of merit, zT defined as:

S%0T _
2T = — (4.1)

Where S, o, T, and K are Seebeck coefficient, electrical conductivity, absolute temperature at

which figure of merit is measured, and thermal conductivity, respectively.

From this, it is clear that a high-performance TE material must possess a high Seebeck
coefficient together with low thermal conductivity and electrical resistivity. The critical
phenomenon to generate thermoelectric power is the Seebeck effect, where electricity generates

due to temperature differences. The Seebeck coefficient is the electric potential difference
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created by a temperature gradient (AT) [4]. It can also be defined as an intrinsic property of the
materials related to their electronic properties and independent of their geometry [5]. Moreover,
it is positive for p-type semiconductors and negative for the n-type ones. Fig. 1 shows the
direction of charge flow during the Seebeck effect and on both cooling and power generation

[6].

Heat absorbed

Subs%as ‘

’/“ . ',,»7 ) P
Thermoelectric peta) = _ T / +Current
elements interconnec » N External

electrical
Heat flowl

connection
Fig. 4.1: Thermoelectric generator and cooling and direction of charge flow during

Seebeck effect power generation) [6]

The power factor (S%c) is then a useful quantity for comparing the electrical properties of
thermoelectric materials. Within much optimism about thermoelectrics in the 1950s and 1960s,

numerous general criteria for better performance thermoelectric materials were established:

@ They should be semiconductors with band gaps of .4 kBT, where kB is the Boltzmann

constant and T is the operating temperature;

(b) They should have low effective mass if acoustic phonon scattering controls conduction

and high effective mass if ionized impurity scattering controls conduction;

(c); they should be comprised of heavy elements and
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(d) They should be solid solutions with a disorder on the anion site and cation site for n-type

and p-type materials, respectively [7].

There are two ways to increases zT one by boosting the power factor (P=S2c), two lowering
thermal conductivity; thermal conductivity is the sum of electrical and thermal conductivity,
especially the lattice thermal conductivity contribute to the total thermal conductivity
properties comparing to the electronic thermal conductivities. At the present day, the most
recent stage in the development of high thermoelectric performance composite is mainly due
to their very low lattice thermal conductivity (R), resulting from phonon scattering. For
example: In electron-phonon scattering effect on the lattice thermal conductivity of silicon
nanostructures, the results show that the lattice thermal conductivity decreases as the feature
size of nanostructures goes down and could be ignored at low feature sizes (50 nm for n-type
nanowires and 20 nm for p-type nanowires and n-type solid thin films) even when the carrier

concentration is as high as 10%* cm™[8].

A comparison of the data reported in the literature confirms that the Cu-Sb-Te pseudobinary
system contains two binary compounds CuzxTe and SbzTes. In this work, we report the
microstructure and thermoelectric Properties Of (Cu.Te)x-(Sh2Tes)100-x pseudobinary system
synthesized by brine quenching method and compare the microstructure and transport

properties to the same composition synthesized by solid-state synthesis.

4.1.1. Different media for quenching metal
Metal quenching is one of the main phases in the heat treatment of metal parts because it is a

process that adds hardness. The idea is comparatively simple: heat metal and then rapidly cool
it to make it harder. The cooling system has a substantial effect on the properties for instance
hardness uniformity, microstructure, residual stress, and the strength of hardened part in

addition to on the distortion produced by the Harding. Different quenchants offer a different
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cooling system, and the character of the quenchant and its cooling capacity may change over
time [29].
4.1.1.1. Severity of quenchants

The severity of a quench refers to how quickly heat can be drawn out of a part. Different
quenching media have different degrees of severity. Caustics are the most severe quenchants,
followed by oils, then salts, and, finally, gases. The makeup of metal parts and the specified
hardness to be achieved dictate which quenching medium is used. Generally, lowhardenability
parts made from carbon steel and low-alloy steel require more severe quenches to achieve a
specified hardness. High-alloy steels, which are much more hardenable, are best quenched in

less severe media

Caustics

The most severe quenches are executed with water, brines, and caustic sodas. While these
quenchants can pull heat out of parts more quickly than other quenching media, faster isn’t
always better. Quenching in caustics dissipates heat so quickly that metal parts are at risk of
cracking and warping due to the drastic variation in temperature between the part surface and
its core. Also, workers must take special precautions when using caustic materials because

they’re harmful when inhaled or exposed to skin and eyes.

Oil

Quenching metal in oil is the most popular method because it is relatively severe but with a
diminished risk of cracking and warping. Also, a wide range of parts quenches well in oils
because the chemical makeup and temperature of a quenching oil can be adjusted to suit desired
results. For example, if a metallurgist determines a part’s intended final properties require faster

quenching to achieve, “fast” oils are used. These oils are formulated to extend the amount of

time during which the highest rate of cooling takes place. Quenching in fast oils is best suited
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for low-carbon steels and low-alloy parts. As the method’s name indicates, these quenches do

not take long.

Conversely, sometimes cooling needs to be slowed. Hot oils, which are kept at higher
temperatures cool metal surfaces, but not so quickly that a part’s core temperature and surface
temperature differ too widely. High-alloy parts with intricate designs quench well in hot oils,
as the method reduces the risk of warping and cracking associated with differences in surface
and core temperatures. Quenching in hot oil is a slower process compared to quenching in fast
oil. Because oil is flammable, workers must know the flashpoint of the oil in use as well as the

load weight and surface area of the products in the workload to avoid fires during quenching.

Molten Salt (Brine)

Quenching metal parts in molten salt (also called salt baths) comes with a further reduced risk
of distortion or cracking of parts because they’re hotter than hot oils. This means cooling is
more controlled and uniform compared to colder, faster, and more severe quenches. The hotter
the quenchant, the less severe the quench. The less severe the quench, the lower the risk of
distortion. Different mixtures of salts have different melting points and working ranges,
offering added versatility as a quenching option. Because salts are not flammable, they pose no
risk of fire. On the other end of the spectrum, some salt mixtures have high melting points and

working ranges and can be used to heat parts.

Salt baths are a long-lasting heat treating and quenching solution as long as they’re correctly
maintained. This includes ensuring oxides are regularly removed from high-heat salts and

sledging out high-heat salts that contaminate quenches salts on salt-to-salt lines.
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Gas

Quenching metal via gas in vacuum furnaces has become more popular for parts that require
high hardness and specific finishes with significantly reduced risk of distortion. In gas
quenching, parts are sealed in a vacuum chamber before being blasted with gases. The rate of
cooling of a part can be precisely controlled by adjusting the pressure and speed at which the
gas is delivered. Additionally, because gas quenches occur in vacuum chambers, parts emerge
significantly cleaner compared to other quenching media. Nitrogen is the most popular gas
guenchant due to its relatively low atomic mass, wide availability, and low cost. Helium and
argon are also used in gas quenching. Specified finished qualities dictate which gas quenchants
are to be used. High-alloy tool steels and jet engine turbines are typical examples of parts often

quenched in gas.

A series of Bi, (Se0.4Te0.6)3 compound was synthesized by a rapid rout of melt spinning (MS)
combined with a following spark plasma sintering (SPS) process. The measurement results show that
the cooling rate of melt spinning had an important influence on the transport properties of electrons and

phonons, efficiently improving the TE properties of the compounds.

Thus, the electrical conductivity decreases with the increased cooling rate because of the simultaneous
reduction of carrier concentration and mobility. With increasing cooling rate, the electrical conductivity
decrease and the seebeck coefficient decreases, however, the dramatic reduction of the thermal
conductivities contributes greatly to the improvement of the resultant zT. The sample with the highest
cooling rate reached a maximum figure of merit zT of 0.93 at 460 K. This may be a reasonable approach
to solve the problem of the shortage of the rare element tellurium in thermoelectricity [30].

Because the cooling rate affects the thermoelectric properties [31-33]. From the above and

other research paper fast cooling rate increase the thermoelectric properties, especially it

reduces the thermal conductivity, which helps to improve the figure of merit zT. Because of

74



Ceramics Engineering JU-JIT 2020

this out of the quenching media, we choose brine (salt) quenching, which has a fast cooling

rate out of all quenching media.

4.2. Experimental procedure

We synthesized the pseudobinary alloys of CuzTe — Sh,Tes highly pure elemental pellets Cu,
Sbh, and Te of 99,99 were weighed in a stoichiometric ratio according to nominal composition,
which is listed in table 1 from phase diagram of pseudobinary, Cu-Sh-Te, figure 4.2. Brine
guenching methods were used to prepare the hypereutectic alloys Cu5 and Cu25, eutectic alloys
Cu33, and hypoeutectic of Cu42. The weighed samples were loaded into the quartz tube and
sealed in fused quartz tubes with 10 mm inner diameter and 1.5-mm-thick under a vacuum of
a 5x10° bar. The alloys were melted via induction Heating for approximately 5 min and then

cooled (while still in the fused quartz ampoules) by a method of cooling in air.

After induction melting for brine quenching method, with the help of hand LPG (propane)
flame, the alloy was re-melted repeatedly for better homogenization and rapidly quenching in
brine salt solution. A compositional deviation is a usual occurrence in Cu-Sb-Te type alloys
due to the evaporation of volatile Sb and Te. The densities of the alloys were measured by the

Archimedes principle.
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Fig. 4.2: Phase diagram of the Cu,Te-Sh,Tes pseudobinary system [22]. Cu5 and Cu25 are
the hypereutectic alloys; Cu33 is the eutectic alloy; Cu42 is the hypoeutectic alloys.

Alloy Name C mposition (at. %) Pseudobinary notation
Cu Sh Te
Cu5 5 37.01 57.99 (Cu2Te)11.91 — (Sh2Tes)ss.09
Cu25 25 25.01 49.99 (Cu2Te)s0.00 — (Sh2Tes)s0.00
Cu33 33 20.21 46.79 (Cu2Te)s2.02 — (Sh2Tes)s7.98
Cu42 42 14.81 43.19 (Cu2Te)73.95 — (Sh2Tes)26.05

Table 4.1: Nominal compositions of alloys (Cu5, Cu25, Cu33, and Cu42) used in the
present study.

The crystal structure was analyzed by the powder x-ray diffraction method at room temperature
using a Panalytical X-ray diffraction instrument using Cu-K, radiation (A=1.5406 A) was
carried out. All the X-ray diffraction (XRD) measurements were performed on powdered
samples in the range of 10 < 26 < 80. The alloys so prepared were cut, mounted in epoxy resins.
Then samples were prepared metallographically by polishing with a series of SiC papers up to
a grit size of 5000 and then, with 3mm Al>O3. The morphologies and the phase were examined
using a scanning electron microscope in the backscatter electron mode.
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The individual compositions of the two phases are measured with the help of a wavelength
dispersive spectroscope (WDS). For each phase at least ten measurements are made. The
composition analysis is shown in Table 1. The overall bulk compositions of the alloys measured

via the energy dispersive spectroscopy method (EDS) are found to be Cu7.02Sb

38.77Te54.21, Cu24.755h26.755Te4as.955, Cus3.13Sb20.21.02Te4s.es, and Cus2.4Shi2s6Tess0s, for Cub,
Cu25, Cu33, and Cu42 respectively. The chemical compositions were determined energy
dispersive x-ray (EDS) analysis (JEOL).

The as-prepared samples were cut into Cylindrical with dimensions of 12-10 mm?, for
simultaneously measuring the Seebeck coefficient (S) and the electrical conductivity (s). The
measurement of transport properties was conducted using standard using the standard
fourprobe method in a helium atmosphere in the temperature range of 323 K to 573 K with the
temperature gradient of 223 K using ULVAC-RIKO ZEM-3 instrument. Heating and cooling
cycles were conducted on each tested sample to give repeatability. The uncertainty of the
Seebeck coefficient and electrical conductivity measurements was less than 3%. The thermal

conductivity (k) was measured with a laser flash diffusivity technique by a laser flash TADLF-

2800.
Starting composition (at %) Ov ‘rall composition (at%)

Elements Cu Sb Te
CusSh 37.0015 Tes7.9985 7.02+ 38.77+ 5421+
Cu25Sh2s.0015 Te49.9925 24.75+0.76 26.755+0.36 48.495+0.41
Cu33Sh20.2099 Te46.7901 33.13+0.47 21.02+0.42 45.86+0.06
Cu42Shi4.8126 Te43.1817 42 4+ 12.56+ 45.04+

Table 4.2: Summary of the average composition measured across the different phases observed in

Fig. 4.2
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4.3. Result and Discussion

4.3.1. X-ray diffraction analysis
The X-ray diffraction patterns of Cu,Te-Sh,Tes pseudo-binary alloys are shown in Fig.4.3

CuzTe, including its nonstoichiometric compound CuxxTe, possesses the most complicated
crystal structure among all the copper chalcogenides. For the hypereutectic (Cu5, and Cu25),
eutectic alloy (Cu33), and for the hypoeutectic alloy (Cu42) the XRD peaks were matched with
or CusTes (space group P) with crystal system of orthorhombic Sh>Tes (space group R—3m).
These samples show the presence of the maximum intensity peak hkl (052) around 0 = 26.66°
and at hkl (154 around 6 = (43.63), which belongs to Cu7Tes. In addition to the Cu7Tes peaks,
the XRD pattern also confirms the presence of Sh,Tz peaks in these samples, which are

expected.

CuzTe belongs to a hexagonal crystal system with space group P6m2. This hexagonal crystal
structure of CuxTe was proposed in 1993 [34] and was later found to be in good agreement
with crystal structure determined by experimental groups [1, 25]. The XRD pattern for this
hexagonal Cu2Te shows that the maximum intensity peak (006) is at 26 = 24.72".

The number of peaks of Sb2Te3 decreased, and that of Cu2Te increased from the sample Cu5
to Cu42, indicating that the concentration of Cu2Te increased. This is as expected from the
nominal composition of the pseudobinary system given in Table 4.1. From Fig. 4.3 for Cu42,
it can be seen that the presence of the Cu>Te influences the lattice parameters of ShoTes for
Cub, Cu25 Cu33, and Cu42. Both a and c lattice parameters of Sb,Tes increase with an increase
in CuzTe content. This might be due to the strain and lattice mismatch between the two phases

in these alloys.
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Fig. 4.3: Presents the powder X-ray diffraction patterns of the brine quenched pseudobinary samples Cu5,
Cu25, Cu33, and Cu42, with the major diffraction peaks of the Sh2Tes and Cu2xTe single-phase compounds.

The diffraction peaks of the Sh.Tes and CuzTe show single phases of rhombohedra (R3m)
ShoTes and hexagonal (P6m2) of CuxTe crystal structures, respectively. The lattice parameters
of Cu2Te and Sh,Tes, which are synthesized by brine quenching methods, are almost the same
as those reported in the literature for hypereutectic and eutectic phase [26]. For hypoeutectic,
the crystal system is changed to Orthorhombic with a space group of P, which is one of the
dive space groups of CuzxTe chalcogenides. The chemical composition determined by the
EDX analysis does not deviate from the stoichiometric composition. The sample bulk density
is very high; approximately 99% of the powder density measured by the Archimedes method.

All samples appear to be stable in air at room temperature.
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In order to compare the XRD diffraction pattern results of the sample prepared by brine
quenched alloying and solid-state synthesized, we compare all compositions to each other. The
pattern associated with the process of solid-state synthesis indicates the existence of different
phases in SN42, which is a Cuio7Te2 phase rather than the hexagonal structure CuzTe phase,
which we obtained by brine quenching. Almost certainly due to the existence of a large number

of structural variants for Cuz Te. No further structural change can be observed.

4.3.2. Microstructure and phase analysis
Scanning electron microscopy imaging (Backscattered electron (BSE) mode) was performed

on polished pellets of brine to find the different phases in the samples. The BSE micrographs

of the samples, Cu5, Cu25, Cu33, and Cu42 (for brine quenched), are shown in Fig. 4(a).

The sample with the eutectic composition (Cu33) comprises eutectics which are predominantly
rod-like with a small number of degenerate eutectics at the boundaries. The BSE images in Fig.
4(b) of the samples Cu42 shows the presence of a dispersed copper telluride phase in the
eutectic matrix of the pseudobinary alloy. The microstructures of the Cu,Te-ShyTes
pseudobinary system are as expected from the phase diagram given in Fig. 1. For the
hypereutectic alloys, Cu5 and Cu25, Brine quenched sample alloys exhibit a rod-shaped
structure composed of two phases. Based on the WDS analysis, the darker phase is identified
as CuzTe. The CuxTe exhibits a bimodal grain size distribution, but both large grained and
small-grained regions have similar composition, as indicated in Table 2. The lighter phase in
brine quenched samples has a stoichiometry, which corresponds to Sh,Tes. The lighter phase
in Fig. 4.4 corresponds to Sh,Tes (molecular weight of ShoTes is 626.32 g/mol), whereas the
darker phase corresponds to Cu.Te (molecular weight of CuxTe is 254.69 g/mol). A wavelength
dispersive spectrometry (WDS) analysis showed that the phases were off-stoichiometric from

their nominal compositions.

80



Ceramics Engineering JU-JIT 2020

As the concentration of copper increases from 5 at.% to 25 at.%, colonies of the eutectic
microstructure begin to appear in the matrix of Sb.Tes. When Cu is 33 at.% (Cu33), the
microstructure is completely eutectic with rod and lamellar shaped. A eutectic reaction occurs
when a single liquid phase is transformed simultaneously into two solid phases. During this
transformation, there is a redistribution of the components of the two solid phases due to atomic
dispersion. Such a transformation results in a microstructure which consists of alternating
layers of the two solid phases. The microstructure for Cu33 hence consists of CuxTe-ShoTes
eutectics. These eutectics are both lamellar-shaped and rod-shaped, depending on the growth
orientation. The hypoeutectic alloys Cu42 have a microstructure consisting of a mixture of the
eutectic structure and regions of the copper telluride-rich phase. In such a microstructure, the
copper telluride phase appears in two locations - in the eutectic as well as in the dispersed
phase. An exciting feature of the microstructures that can be observed in this system is that
unlike the hypereutectic alloys, the copper telluride-rich phase constituent in the hypoeutectic
alloys is not continuous with its eutectic constituent. Such features occur when one phase tends

to surround the other phase in eutectic systems.

To confirm the composition of the samples, an electron probe microanalysis (EPMA) was
carried out for the brine quenched samples using the elemental standards of JEOL JXA8530F
wavelength dispersive spectrometry (WDS). The nominal and the observed composition for all
the samples taken at several points and averaged are listed in Table 2. As seen from the BSE
images, the WDS results also suggest the presence of the darker and lighter phases in the
samples Cu5 and Cu25. The composition of this lighter phase is similar to the Sh,>Tes, and the
darker phase is CuzTe. The WDS results show that all the samples have a deficit of copper in
the copper telluride phase. In Table 2, it can be seen that the composition of the copper telluride-
rich phase in the hypoeutectic The WDS composition of the lighter phase (Sh2Tes) agrees well

with the nominal composition.
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Fig. 4.4: Backscattered electron micrographs of hot-pressed samples Cu5, Cu25, Cu33, and Cu42.
The darker phase corresponds to Cu,Te, whereas the lighter phase corresponds to Sh,Tes.

As we expected from BSE, for Cu5 and Cu25 predominately, the majority phase is SboTes. The
finite assemblage of rod-like Cu>Te phase segregated in the lamellae structured phase, which
is found in a small amount on the large matrix of SboTes. The lamellae structure is observed
for Cu25, which is very less in SN25. This structure significantly affects the electronic flow,
which leads to lower electrical conductivity. For Cu33, CuzTe finitely scattered on the matrix
of Sh,Tes. That is why it gives a dark grey phase to SN33. It has both Lamellae and rod-shaped
structure. Cu42 Shows mixture of eutectic phase and CuzTe CuzTe phase found on both on
scattered phase, and eutectic phase Solid state synthesized sample has regular phase shape than
brine sample. Quenching can cause internal stresses on the solidified alloys, leading to
geometrical and microstructural alteration or deformation during subsequent brine (salt)

quenching operations [35].
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Fig 4.5. Copper vacancy (Cuv) comparison between Backscattered electron micrographs of brine quenched

samples (Cu5, Cu25, Cu33 and Cu42) and hot-pressed samples (SN05, SN25, SN33 and SN42)

4.3.3. Thermoelectric Transport properties analysis

The Seebeck coefficients of the CuxTe- ShoTes composites synthesized by the brine quenching
method are presented in Fig. The Seebeck coefficient increases with increasing temperature

(from room temperature 300K to 573K), which this linear increase of the Seebeck coefficient
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indicates the metallic behaviour of the alloys. Because of the decreased electrical conductivity,
the Seebeck coefficient increases with increasing CuxTe dispersion concentration. The absolute
seebeck coefficient value is positive for all the samples throughout the measurement
temperature range, and this indicates that holes are the majority charge carriers and it is a p-

type semiconductor.

The highest value of the Seebeck coefficient is recorded for Cu5, which is 113.8uV/K at 573K,
which is higher than previously report Seebeck coefficient values synthesized by the solid-state

method.

The Seebeck coefficient increases with increasing temperature for the brine quenching sample,
which is p-type TE material. Pristine Sb2Tes and CuzTe show the formation of antisite defects
of Sbre (accepter like defect) and vacancy of Cu (Vcu), respectively. This trend can also be seen
in Fig.4.5. This leads to the creation of holes in carrier concentration. Cu5 and SNO5 have the
highest Seebeck coefficient among all samples because both are Sh,oTes reach. Also comparing
to SNO5, Cu5 has high Seebeck because of lower Cu vacancy (Vcu), which increase Seebeck

coefficients.

The power factor (PF) was calculated using the relationship PF = S26. PF increases with
increasing temperature for all the samples. It shows a trend similar to that of the Seebeck
coefficient over the measured temperature range. A higher PF is obtained for Cu5 (1.4 mW m’
1 K2 at 573 K) owing to the higher Seebeck coefficient compared to those of Cu25 and Cu33.
This value is, however, lower than that reported in the literature (1.8 mW m™* K2 at 572 K)

[26] due to the higher Seebeck coefficient in Cub.
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Fig. 4.6: Transport properties of the samples (Cu5, Cu25, Cu33, and Cu42, SN52 as a function of

temperature. The positive Seebeck coefficient indicates that holes are the majority charge carriers in these

An added advantage of synthesizing compounds by the brine (salt) quenching route over solid-

state routes is the production of extremely fine-grained microstructure. The microstructure

reveals the flow lines in the grains and structure. This feature helps the scattering of phonon

better than sample prepared by solid-state synthesis
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Fig. 4.7: Comparison between the transport properties of brine quenched sample and Hot pressed samples

Seebeck coefficient increases with increasing temperature for the brine sample, which is p- type
TE material. Pristine Sb.Tes and CuzTe shows the formation of anti-site defect of Sbre
(accepter like defect) and vacancy of Cu (Vcu)respectively. This leads to the creation of holes
in carrier concentration. Cu5 and SNO5 have the highest Seebeck coefficient among all samples
because both are ShoTes reach. Also comparing to SNO5, Cu5 has a high Seebeck because of

lower Cu vacancy, which increases Seebeck coefficients.

Electrical conductivity (o) of all the sample decrease with increasing temperature. This shows
metallic behaviour at room temperature, Cu5 has the lowest ¢ (2.8 *¥10° S/cm) compering to

Cu5 (4*10° S/cm). This happens because:-
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1. As CuyTe increases, o also increases because pristine CuzTe ~ 10 S/cm has higher
electrical conductivity than Sh,Tes(~103S/cm)
2. Brine sample creates a lower Cu vacancy (Vcu) than a solid-state synthesized sample,
which this vacancy leads to an increase in carrier concentration (n). o = (ne?' )/Vm*
PF is the combined effect of electrical conductivity and the Seebeck coefficient. The electrical

conductivity of the solid-state synthesized sample is higher than the brine sample.
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4.4. Conclusion

The pseudo-binary alloys of (Cu.Te) x-(Sb2Tes)100-x) with starting composition of
(CusShs7.0015 Tes7.9985, Cu25Sh25.0015T€49.9925, Cu33Sh20.2099Te46.7901, Cu42Sh14.8126Te43.1817) Were
synthesized by brine quenching methods. The existence of CuzTe and Sh>Tes phase in the
alloys were confirmed by X-ray diffraction and WDS. The temperature-dependent Seebeck
coefficient and electrical conductivity were measured at a temperature between 350 and 600 K
for the alloys. The electrical conductivity decreases with temperature indicating metal-like
behaviour. The Seebeck coefficients were positive in all the alloys which imply that majority
carriers were holes. A systematic decrease in S and an increase in ¢ with Cu content were due
to an increase in carrier concentration caused by the easy formation of Cu vacancies in Cu
2xTe. Brine sample creates a lower Cu vacancy (Vcu) than a solid-state synthesized sample,
which this vacancy leads to an increase in carrier concentration (n). ¢ = (ne?)/Vm*. The effect
of lamellar phase boundaries on electron scattering for the eutectic alloy was not significant
enough to reduce 6. The control of interfaces in this pseudo-binary system can be an important

strategy in tuning the thermoelectric parameters.
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CHAPTER FIVE

5. Summary, conclusion and future work
5.1. Summary and conclusion

In this work, we try to tune the thermoelectric transport properties of the pseudo-binary CuzTe-
ShoTes system by unidirectional solidification and brine quenched. In the first case to achieve
this we study this on a set of pseudo-binary CuzTe-Sh2Tes eutectic alloys through directional
solidification using a modified-Bridgman type apparatus. From this, the morphology of eutectic
is lamellar inside the colony at higher velocities, i.e., V = 32, 16 um/s. However, with a
decrease in velocity to V = 4, 1 um/s, we observe predominantly degenerate lamella

morphology of the eutectic. Morphology of the colonies observed in all cases is plate type.

In the case of transport properties, there is a systematic trend between electrical conductivity
and lamellar spacing in both longitudinal and transverse cases. However, the conductivity has
reduced significantly (almost by half) in the transverse direction compared to the longitudinal
direction. This is because, when the electrical conductivity is measured in the longitudinal
direction, the equivalent electrical circuit will be similar to that of resistors (here the
Cu,TeSh,Tes eutectics) connected parallel to each other. Compared to a series connection with
the same set of resistors, the overall resistivity will be low (i.e., conductivity will be high) in
parallel configuration (longitudinal direction). The alloys exhibit p-type semiconducting
nature, as can be observed from positive values of Seebeck coefficients. The following defect
equilibrium relations on equation (3.3 and 3.4) shows the origin of the p-type conductivity. The
Cu vacancies (V'cu) and the antisite defects (Sb're) leads to the creation of holes (k') in the

pseudo-binary alloys.

The microstructure effect on transport properties of CuzTe-ShoTes is described by the effect of
lamellar spacing. As the lamellar spacing increases, the available charge carriers are more since

it does not undergo scattering. Seebeck coefficient will decrease with increase in lamellar
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spacing. In the longitudinal direction, the Seebeck values decrease systematically to 1.86 um.
Thereafter, a slight increase in S can be observed as the lamellar spacing increased to 2.41 um.
In the transverse direction, the Seebeck value was ~ 88 uV K? at 0.95 um and showed a peak
at 1.46 pum. Thereafter it decreased systematically from 104 pV K to 90 pVvV K with an
increase in the lamellar spacing from 1.46 pum to 2.41 um. The PF increased with an increase
in lamellar spacing in both the directions of measurement. The highest power factor was

obtained for the alloy with 2.41 pm along the transverse direction.

In the second case, we tune the thermoelectric transport properties of the pseudo-binary Cu2Te-
Sb2Te3 system by brine quenching. And compare the microstructure and transport properties

to the same composition synthesized by solid-state synthesis.

The X-ray diffraction patterns of Cu,Te-SboTes pseudo-binary alloys For the hypereutectic
(Cub, and Cu25), eutectic alloy (Cu33) The diffraction peaks of the Sb,Tez and Cu.Te show
single phases of rhombohedra (R3m) Sh,Tes and hexagonal (P6m2) of Cu.Te crystal structures,
respectively, and for the hypo-eutectic alloy (Cu42) the XRD peaks were matched with Cu7Tes

(space group P) with crystal system of orthorhombic and with for SboTes (space group R—3m).

The sample with the eutectic composition (Cu33) comprises eutectics which are predominantly
rod-like with a small number of degenerate eutectics at the boundaries. As the concentration of
copper increases from 5 at. % to 25 at. %, colonies of the eutectic microstructure begin to
appear in the matrix of Sb2Te3. When Cu is 33 at. % (Cu33), the microstructure is completely

eutectic with rod and lamellar shaped.

The highest value of the Seebeck coefficient is recorded for Cu5, which is 113.8uV/K at 573K,
which is higher than previously report Seebeck coefficient values synthesized by the solid-state
method. Pristine Sh,Tes and CuzTe show the formation of anti-site defects of Shre (accepter
like defect) and vacancy of Cu (Vcu), respectively. This leads to the creation of holes in carrier
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concentration. Cu5 and SNO5 have the highest Seebeck coefficient among all samples because
both are Sh,Tes reach. Electrical conductivity (o) of all the sample decrease with increasing
temperature. This shows metallic behaviour at room temperature, Cu5 has the lowest ¢ (2.8

*10% S/cm) compering to Cu5 (4*10% S/cm). This happens because:-

A higher PF is obtained for Cu5 (1.4 mW m? K2 at 573 K) owing to the higher Seebeck
coefficient compared to those of Cu25 and Cu33. This value is, however, lower than that

reported in the literature (1.8 mW m™ K2 at 572 K) due to the higher Seebeck coefficient in

Cub.
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5.1. Future works
Thermoelectric devices will be used widely for personal electronic applications. These

applications range from wearable items, such as clothes or watches, to biomedical applications
such as vital signs monitoring and drug delivery. Recent technology can provide devices for
micro-thermoelectric applications, such as cooling of an integrated circuit. But, to reach the
full potential of these applications, cost-effective mass production techniques need to be
developed, and the performance needs to be optimized. This can be done by one of the

following ways.

1. Optimizing the efficiency, effectiveness and reliability “E-E-R” our materials through
different techniques, which include finding dopant and using different synthesizing
methods

2. Improving the thermoelectric transport properties using Nano-grains, Nano-inclusions
and nanoparticles strategies to reducing the lattice thermal conductivity and improving
the ZT value

3. Finding good Contact materials with high thermal and electrical conductivity to prevent
our thermoelectric material from degrading quickly at the working temperature.

4. Finding a way to form pseudo-ternary alloy from our pseudo-binary alloy and
Investigating The effect of the combinatorial approach to microstructure and transport

properties
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